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Ten types (approximately 500 indiv idua l  u n i t s )  of both analog and 
d i g i t a l  in tegra ted  c i r c u i t s  were exposed t o  0.5, 1.0, and 1.5 MeV e lec t rons .  
I n  add i t ion ,  seven d i f f e r e n t  "equivalent 962 c i r c u i t s "  were exposed t o  1.5 MeV 
.? e l e c t r o n s .  The e f f e c t s  of r a d i a t i o n  were determined i n  terms of the  device 
" b e h a v i o r  from both i n  s i t u  measurements and more comprehensive pre /pos t  charac- 
.-, 
t e r i z a t i o n  measurements. The c i r c u i t s  were mounted on c i r c u i t  boards and were 
swept  wi th  an e l e c t r o n  beam from a Van de Graaff generator .  The i r r a d i a t i o n  
was continued u n t i l  e i t h e r  50 percent  f a i l u r e s  were observed o r  a f luence of 
1 x 10 e/cm was reached. The f a i l u r e  c r i t e r i o n  f o r  t h i s  program was any 
parameter exceeding the l i m i t  spec i f i ed  by the manufacturer. Each microc i rcu i t  
type was represented by seven t e s t  groups. One t e s t  group w a s  maintained a s  a 
con t ro l .  The o t h e r  s ix  groups represented two d i f f e r e n t  e l e c t r i c a l  condi t ions  
(biased and unbiased), i r r a d i a t e d  a t  the  th ree  d i f f e r e n t  energy l eve l s .  
biased groups contained t en  samples and were powered continuously under ir- 
r ad ia t ion .  The unbiased groups contained f i v e  samples and were no t  powered under 
i r r a d i a t i o n  except f o r  per iodic  pulsed measurements. 
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The 
Generally,  the  purposes of t h i s  program were t o  ob ta in  information 
t h a t  would give a b e t t e r  understanding of the e f f e c t s  of e l e c t r o n  i r r a d i a t i o n  
on semiconductor in tegra ted  c i r c u i t s  and t o  provide the  necessary f a c t s  on which 
design dec is ions  could be based. S p e c i f i c a l l y ,  the  purposes of t h i s  program are :  
(1) To d i s p l a y  a s i g n i f i c a n t  amount of performance information, under 
e l ec t ron  i r r a d i a t i o n ,  f o r  the  more common types of analog and d i g i t a l  micro- 
c i r c u i t s  which w i l l  be usable  f o r  s e l e c t i o n  and design dec is ions  f o r  systems 
programmed f o r  space missions 
iii 
(2) To eva lua te  the  magnitude of the  e f f e c t s  r e s u l t i n g  from e l e c t r o n  
i r r a d i a t i o n  a t  t h ree  d i f f e r e n t  energ ies  (0.5, 1.0, and 1.5 MeV) 
(3) To determine which of the  three  energy levels w i l l  be most 
c r i t i c a l  t o  the  opera t ion  of t h e  mic roc i r cu i t s  
( 4 )  To de f ine  the  d i f f e rence  between the r a d i a t i o n  response of 
4 4  
e l e c t r i c a l l y  equiva len t  c i r c u i t s  which d i f f e r  i n  method of i s o l a t i o n ,  topology, 
-d and/or processing techniques.  
The r e s u l t s  obtained during the  program a r e  completely appl icable  
only t o  the  s p e c i f i c  c i r c u i t s  s tud ied ,  and, although, genera l ly  app l i cab le  
t o  t h e  var ious  c l a s s e s  of devices  examined, a re  not  necessa r i ly  app l i cab le  
t o  the  behavior of o the r  s p e c i f i c  devices  from the  same manufacturers. 
E f fec t s  Versus Microc i rcu i t  Class 
The mode of f a i l u r e  f o r  t he  ampl i f i e r  c i r c u i t s  w a s  a t t r i b u t e d  t o  
four  b a s i c  parameter changes: decreased t r a n s i s t o r  ga in ,  increased input  b i a s  
cu r ren t ,  decrease i n  the maximum output-voltage swing, and increased o f f s e t  
vo l t age .  These r e s u l t s  are  cons i s t en t  with those changes observed i n  the  second 
phase of t h i s  program. The parameter change o r  combination of changes t h a t  
caused the  f i r s t  f a i l u r e  depended on the  c i r c u i t  type and the  e l e c t r o n  i r r a d i -  
a t i o n .  Both permanent and temporary changes i n  output  parameters were observed 
a s  a r e s u l t  of r ad ia t ion .  Permanent changes a r e  def ined a s  those changes i n  
parameter values  t h a t  were observed during a s  w e l l  as long a f t e r  (4 weeks) 
i r r a d i a t i o n .  I n  c o n t r a s t ,  temporary e f f e c t s  a r e  def ined a s  changes i n  measured 
parameters which recovered e i t h e r  during o r  a f t e r  ( a t  most 30 minutes) i r r a d i -  
a t i o n .  The evidence seems t o  ind ica t e  t h a t  the  temporary e f f e c t s  were, a t  
l eas t ,  i n i t i a t e d  by su r face  damage. In  some cases  the  changes occurred r ap id ly  
i v  
and a t  d i f f e r e n t  exposure r a t e s  and, t hus ,  the na ture  of the  monitoring mea- 
surements d id  not preclude the p o s s i b i l i t y  t h a t  some of t he  observed changes 
were i n i t i a t e d  by ra te  e f f e c t s .  
S i g n i f i c a n t  degradat ion of the open loop ga in  can be expected f o r  
ampl i f i e r s  used i n  the  space environment. I n  add i t ion ,  the  input b i a s  cu r ren t  
.* can be expected t o  increase  r e s u l t i n g  i n  a lower input  impedance. The changes 
. i n  input  b i a s  cu r ren t  a l s o  can r e s u l t  i n  la rge  increases  i n  o f f s e t  vo l tage ,  
P 
unless  the r e s i s t a n c e  from input  t o  ground is low. For  t h i s  reason,  low balanced- 
input  r e s i s t a n c e  from inputs  t o  ground i s  des i r ab le  f o r  s t a b l e  opera t ion  under 
space r ad ia t ion .  Another method t o  avoid s a t u r a t i o n  of cascaded ampl i f i e r  
s t ages ,  r e s u l t i n g  from increased o f f s e t  vo l tage ,  i s  the  use of a c  coupling 
r a t h e r  than dc coupling. Where l a rge  output s i g n a l s  a r e  requi red ,  s t rong  feed- 
back is  recommended i n  order  t o  make maximum use of the  ampl i f i e r  output-swing 
c a p a b i l i t y  while minimizing changes i n  o f f s e t  vo l tage .  
The p r i n c i p a l  mode of f a i l u r e  f o r  the  d i g i t a l  c i r c u i t s  i s  a t t r i b u t e d  
t o  degradat ion of t h e  output  t r a n s i s t o r .  Decreases i n  t r a n s i s t o r  cur ren t  gain 
coupled wi th  increases  i n  t r a n s i s t o r  s a t u r a t i o n  r e s i s t ance  r e su l t ed  i n  increases  
i n  the  output  low vol tage  of the  ga t e s  and f l i p - f l o p s .  These changes were 
accompanied by decreases  i n  input  d r i v e  cur ren t  and increases  i n  t h e  propagation 
delay.  Since the  primary f a i l u r e  mode f o r  the d i g i t a l  c i r c u i t s  was the increase  
i n  output  l o w  vol tage ,  the longevi ty  of these c i r c u i t s  under i r r a d i a t i o n  can 
be increased by decreasing the  fan-out of the c i r c u i t s .  The r a d i a t i o n  response 
of these  c i r c u i t s  i s ,  i n  genera l ,  cons i s t en t  with,  and s i m i l a r  t o ,  the changes 
observed i n  Phase I and Phase I1 of t h i s  program. (1) 
(1) "A Study of the  Ef fec t s  of Space Radiation on S i l i c o n  In tegra ted  Ci rcu i t s" ,  
Phase I,  June 26, 1964, t o  September 26, 1965, NAS5-3985, (AD 806799L); 
Phase 11, June 29, 1965, t o  August 31, 1966, NAS5-9630. 
V 
E f f e c t  of Elec t ron  Energy and E l e c t r i c a l  Condition 
The re la t ive  magnitude of the  changes i n  parameter values  t h a t  were 
permanent i n  na tu re  were found t o  increase  wi th  e l e c t r o n  energy. These r e s u l t s  
a r e  similar t o ,  and cons i s t en t  wi th ,  r e s u l t s  obtained f o r  b ipo la r  t r a n s i s t o r s .  (2) 
Although, i n  the  devices  eva lua ted ,  the average degradat ion a t  the  higher e l e c t r o n  
energ ies  was  more severe, temporary changes i n  parameter va lues  were observed 
during some of t he  0.5 MeV i r r a d i a t i o n .  
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I n  some c i r c u i t  types,  no s t a t i s t i c a l l y  s i g n i f i c a n t  d i f f e rences  were 
observed among the  biased and unbiased tes t  groups. However, i n  most cases  
the degradat ion among the unabiased c i r c u i t s  w a s  more severe than among the  
powered c i r c u i t s .  This w a s  e s p e c i a l l y  t r u e  f o r  t he  1.5 MeV i r r a d i a t i o n s  where 
s i g n i f i c a n t  degradat ion was observed. These r e s u l t s  i nd ica t e  t h a t  the  degradat ion 
r e s u l t i n g  from i r r a d i a t i o n  can be s u b s t a n t i a l l y  reduced i f  power is d i s s ipa t ed  
i n  the  mic roc i r cu i t  during i r r a d i a t i o n .  
Equivalent 962 C i r c u i t s  
The degradat ion observed f o r  t he  "equivalent 962 c i r c u i t s ' '  w a s  s i m i l a r  
t o  the  degradat ion observed f o r  the  o the r  d i g i t a l  c i r c u i t s  t e s t e d .  That i s ,  the 
decreases  i n  t r a n s i s t o r  c u r r e n t  ga in  coupled wi th  increased t r a n s i s t o r  s a t u r a t i o n  
vol tage  caused increases  i n  t h e  output  low vol tage  of these ga tes .  The o v e r a l l  
responses of the  seven c i r c u i t  types t o  e l e c t r o n  i r r a d i a t i o n  were s i m i l a r .  
However, s i g n i f i c a n t  d i f f e rences  i n  the  magnitude of t he  changes i n  parameter 
values  were observed. The d i f f e rences  i n  r a d i a t i o n  response were most pronounced 
(2) "Space Radiat ion Equivalence f o r  E f fec t s  on Trans is tors" ,  by R .  R. Brown and 
W. E .  Horne prepared under NASA Contract  No. NAS5-9578. 
v i  
f o r  the output low vol tage where changes ranging from 17.4 percent t o  over 
200 percent were observed fo< the  Siased samples. 
The d i f f e rences  observed i n  r ad ia t ion  response did not c o r r e l a t e  
w i t h  t he  c i r c u i t  topology. C i r c u i t s  with almost i d e n t i c a l  topologies had 
- d i f f e r e n t  r ad ia t ion  responses,  while c i r c u i t s  w i t h  d i s s i m i l a r  topologies tracked 
3 
wel l  during r ad ia t ion .  No improved r ad ia t ion  response was observed which could 
P be a t t r i b u t e d  t o  the method o f  i s o l a t i o n .  The d i f f e rences  observed i n  the 
r ad ia t ion  response of the seven "equivalent  962 c i r c u i t s "  a r e  a t t r i b u t e d  t o  
d i f f e rences  i n  processing techniques.  Unfortunately,  processing information i s  
usua l ly  not ava i l ab le  t o  the design engineer.  Therefore,  the design engineer 
would not  be ab le  t o  s e l e c t  one of s eve ra l  e l e c t r i c a l l y  equivalent  c i r c u i t s  
t o  bes t  perform h i s  func t ion  without some rad ia t ion  t e s t  r e s u l t s .  
v i i  
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INTRODUCTION 
It is imperative t h a t  designers  of space- f l igh t  systems use the  most 
e f f e c t i v e  and r e l i a b l e  c i r c u i t r y  ava i l ab le .  
programs, however, must be made w i t h  due regard t o  the behavior of the  components 
Component s e l e c t i o n  f o r  space 
.; under t h e i r  intended operat ing environment. O f  p a r t i c u l a r  importance is the 
r a d i a t i o n  environment of space.  
The use of s i l i c o n  in tegra ted  c i r c u i t s  i n  e l e c t r o n i c  design o f f e r s  -1 
many p o t e n t i a l  advantages. Included among these a r e  high r e l i a b i l i t y ,  good 
performance, small  s i z e ,  low weight and low cos t .  Under cont rac t  w i t h  the 
Goddard Space F l i g h t  Center (Phase I - NAS5-9630 and Phase I1 - NAS5-3985 of 
t h i s  program), B a t t e l l e  has s tudied the  e f f e c t s  of e l ec t ron  r a d i a t i o n  on many 
d i g i t a l  and analog c i r c u i t  types representa t ive  of t h e  prevalent  in tegra ted-  
c i r c u i t  technology. A s  a r e s u l t  of these pas t  s tud ie s  f o r  NASA, seve ra l  
quest ions have a r i s e n  concerning t h e  r ad ia t ion  v u l n e r a b i l i t y  of in tegra ted  
c i r c u i t s .  F i r s t ,  i t  i s  not  c l e a r  e i t h e r  from the  l i t e r a t u r e  o r  from B a t t e l l e ' s  
p a s t  s t u d i e s  what magnitude of e f f e c t s  can be expected f o r  sur face  and bulk 
damage r e s u l t i n g  from i r r a d i a t i o n  by e l ec t rons  of var ious energies .  Second, it 
is not r e a d i l y  apparent based on r a d i a t i o n  e f f e c t s  da t a  on t r a n s i s t o r s ,  t h a t  
the r a d i a t i o n  response of " e l e c t r i c a l l y  equivalent  c i r c u i t s "  a r e  necessa r i ly  
s i m i  l a r  . 
In  order  f o r  NASA t o  accumulate and maintain the  required information 
upon which t o  base dec is ions  on m i c r o c i r c u i t - u t i l i z a t i o n  and/or microc i rcu i t -  
improvement e f f o r t s ,  it i s  necessary t h a t  simulated space- rad ia t ion-ef fec ts  
da ta  be obtained which w i l l  r eso lve  these quest ions.  S tudies  of the  space 
-2- 
environment ind ica t e  t h a t  almost 90 percent of the e l ec t rons  encountered in  
space have energies  l e s s  than 3 MeV. The metal enclosure of microc i rcu i t  
modules a r e  such t h a t  e l ec t rons  of energies  l e s s  than 0.5 MeV w i l l  be e f f e c t i v e l y  
shielded from t h e  microc i rcu i t s .  Since performance da ta  a t  an e l ec t ron  energy 
of 3 MeV a r e  a l ready  ava i l ab le  (NAS5-9630 and NAS5-3985), performance da ta  a t  
e l ec t ron  energies  of 0.5, 1.0, and 1.5 MeV w i l l  provide necessary information t o  
4, 
help e s t a b l i s h  the energy dependence of r ad ia t ion  degradation i n  microc i rcu i t s .  L 
Pur p o s e 
Very genera l ly ,  the  purposes of t h i s  program a r e  t o  obta in  informa- 
t i o n  t h a t  w i l l  give a b e t t e r  understanding of the e f f e c t s  of e l ec t ron  i r r a d i -  
a t i o n  on semiconductor in tegra ted  c i r c u i t s  and t o  provide the necessary f a c t s  
on which design dec is ions  can be based. Spec i f i ca l ly  the  purposes of t h i s  
program are :  
(1) To d i sp lay  a s i g n i f i c a n t  amount of performance information, 
under e l ec t ron  i r r a d i a t i o n ,  f o r  the more common types of 
analog and d i g i t a l  microc i rcu i t s  which w i l l  be usable f o r  
s e l e c t i o n  and design dec is ions  fo r  systems programmed f o r  
space m i s s  ions 
T o  evaluate  the magnitude of the e f f e c t s  r e s u l t i n g  from 
e lec t ron  i r r a d i a t i o n  a t  th ree  d i f f e r e n t  energies  (0.5, 
1 .0 ,  and 1.5 MeV) 
To determine which of the three energy l eve l s  w i l l  be 
most c r i t i c a l  t o  the  operat ion of the microc i rcu i t s  
-3- 
( 4 )  To def ine  the d i f f e rence  between the r a d i a t i o n  response 
of e l e c t r i c a l l y  equivalent  c i r c u i t s  t h a t  d i f f e r  i n  
method of i s o l a t i o n ,  topology, and processing techniques.  
Objectives 
.r The ava i l ab le  information, concerning in tegra ted  c i r c u i t s  previous ly  
- i r r a d i a t e d ,  i s  contained i n  the r epor t s  published a s  a r e s u l t  of NASA con t rac t s  
n 
NAS5-3985 and NAS5-9630. These r epor t s  ind ica te  t h a t  the major problem a r e a s ,  
caused by i r r a d i a t i o n ,  i n  l i n e a r  in tegra ted  c i r c u i t s  a r e  excessive changes in 
o f f s e t  vo l tage ,  decreases i n  gain and increases  in  input b i a s  cur ren t ;  while 
problem areas  f o r  the d i g i t a l  c i r c u i t s  a r e  decreases i n  output t r a n s i s t o r  ga in  
r e s u l t i n g  i n  changes i n  the  output vo l tages  of the  one and zero log ic  s t a t e s .  
In  order  t o  evaluate  the  v u l n e r a b i l i t y  of in tegra ted  c i r c u i t s  i n  the 
space environment, f a i l u r e  , l eve ls  must be es tab l i shed .  In  t h i s  study the 
f a i l u r e  l eve l  i s  taken a s  t h a t  value of degradation i n  the parameter value which 
exceeds the  manufacturer 's  s p e c i f i c a t i o n .  Thus the general  ob jec t ives  of t h i s  
experiment a r e  t o  e s t a b l i s h  f a i l u r e  modes and evaluate  in t eg ra t ed -c i r cu i t  
performance i n  an e l ec t ron - rad ia t ion  environment as  r e l a t e d  t o  the  performance 
requirements ou t l ined  by the  manufacturers. 
Spec i f i c  experimental ob jec t ives  a re :  
(1) Determine t h e  modes and, poss ib ly ,  t h e  mechanisms of 
i n t eg ra t ed -c i r cu i t  f a i l u r e s  t h a t  a r e  observed because of 
the i r r a d i a t i o n  
(2) Es t ab l i sh  with reasonable confidence the  parametric 
changes due t o  r a d i a t i o n  by charac te r iz ing  each device 
before ,  during,  and a f t e r  the r a d i a t i o n  exposure and 
then determine the following s t a t i s t i c a l  charac te r  i s  tics : 
-4 - 
(a) 
(b) Average parametric changes 
(c) 
(d) Average percentage changes 
I n i t i a l  means of the parameters 
Standard devia t ions  of the  parametric mean changes 
(e) I n t e r v a l  es t imates  as percentages 
( f )  Percentage average changes 
(g) The F - t e s t  
(h) The t - t e s t .  
(3) Compare the monitored parameter changes as a funct ion 
of t h e  t h ree  e l e c t r o n  energ ies  (0.5, 1.0, 1.5 MeV). 
Also determine whether one of the th ree  energies  w i l l  
be the most c r i t i c a l  t o  the opera t ion  of the se l ec t ed  
c i r c u i t s  
Es t ab l i sh  whether biased o r  unbiased mic roc i r cu i t s  w i l l  
b e s t  survive the  e f f e c t s  of e l e c t r o n  r ad ia t ion .  
(5) Compare the responses of t h e  e l e c t r i c a l l y  equivalent  
( 4 )  
c i r c u i t s  a s  a func t ion  of method of i s o l a t i o n ,  
topology, and/or processing techniques.  
EXPERIMENTAL PROCEDURE 
Genera 1 
The o v e r a l l  program plan w a s  divided i n t o  two e s s e n t i a l l y  p a r a l l e l  
t asks :  the Fundamental Study and the  Equivalent-Circui t  Study. Flow-chart 
diagrams of both tasks  a r e  i l l u s t r a t e d  i n  Figures  1 and 2.  A s  the  f i g u r e s  
ind ica t e  the  two t a sks  a r e  s i m i l a r .  Differences include the number of devices  
t h a t  were i r r a d i a t e d ,  the i r r a d i a t i o n  procedure, and the  method of da t a  ana lys i s .  
1. 
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To determine the  r ad ia t ion  s e n s i t i v i t y  of the  c i r c u i t s ,  i n i t i a l  and 
f i n a l  cha rac t e r i za t ion  were of primary importance. The parameters s e l ec t ed  f o r  
measurement included those f o r  which s p e c i f i c a t i o n s  were given by the  device 
manufacturers. I n  add i t ion ,  parameters were measured t h a t  could be r e l a t e d  t o  
- component response t o  r a d i a t i o n .  The na ture  and ex ten t  of the  cha rac t e r i za t ion  
t.* 
is  discussed i n  more d e t a i l  i n  the sec t ion  e n t i t l e d  "Characterization".  
I n  add i t ion  t o  pre /pos t  cha rac t e r i za t ion ,  a s e l ec t ed  number of 
I 
A, 
output  parameters were monitored during and immediately following r a d i a t i o n  
exposure. The parameters se lec ted  f o r  monitoring were those parameters t h a t  
would be most i n d i c a t i v e  of the  e l e c t r i c a l  condi t ions of the microc i rcu i t s .  
To determine whether biased o r  unbiased c i r c u i t s  a r e  more s e n s i t i v e  t o  r a d i a t i o n ,  
the 15 devices  se l ec t ed  f o r  i r r a d i a t i o n  a t  each energy l e v e l  were divided i n  
two test groups. The biased t e s t  group contained t en  devices  while t h e  unbiased 
group contained f i v e .  The ' r ad ia t ion  was pe r iod ica l ly  in te r rupted  and measure- 
ments were made. Power-supply and input  vol tages  were appl ied  t o  the  unbiased 
t e s t  group i n  t h e  form of 10 t o  100 p-second pulses  and the output response of 
the  c i r c u i t s  w a s  photographed. Monitoring was continued f o r  approximately 15 
minutes a f t e r  the  f i n a l  r a d i a t i o n  exposure t o  determine the ex ten t  of r a d i a t i o n  
damage anneal ing a t  room temperature. Spec i f i c  d e t a i l s  concerning the  monitoring 
of device parameters during i r r a d i a t i o n  a r e  presented i n  the sec t ion  t i t l e d  
Monitoring During I r r ad ia t ion" .  I I  
A s  Figure 1 i n d i c a t e s ,  the  c i r c u i t s  s e l ec t ed  f o r  the  Fundamental 
Study were i r r a d i a t e d  a t  the  th ree  energy l eve l s  (0.5, 1.0, and 1 .5  MeV) .  
F i f t e e n  p a r t s  of each device type were i r r a d i a t e d  a t  each e l e c t r o n  energy. The 
treatment of the  DTL962 c i r c u i t s  of the  Equivalent-Circui t  Study was d i f f e r e n t .  
A s  out l ined  by Figure 2 ,  two u n i t s  of each device type were i r r a d i a t e d  a t  the 
th ree  energy l e v e l s .  The d a t a ,  obtained during these i r r a d i a t i o n s ,  ind ica ted  
-6- 
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t h a t  i r r a d i a t i o n  damage was most pronounced a t  the  1.5 MeV e l e c t r o n  energy. 
Therefore ,  f i f t e e n  u n i t s  of each device type were subsequently i r r a d i a t e d  a t  
t he  1.5 MeV e l e c t r o n  energy. 
The d a t a ,  obtained from c h a r a c t e r i z a t i o n  measurements and monitoring 
during i r r a d i a t i o n ,  were reduced wi th  the a i d  of a d i g i t a l  computer. 
d a t a  were subsequently analyzed i n  order  t o  i n t e r p r e t  the performance of  the  
mic roc i r cu i t s  under i r r a d i a t i o n .  The f i n a l  products of these  l a s t  s t e p s  appear . 




Se lec t ion  of Microc i rcu i t s  
The analog and d i g i t a l  mic roc i r cu i t s  t h a t  were used i n  the  fundamental- 
s tudy  group a r e  l i s t e d  i n  Table 1. Analog and d i g i t a l  c i r c u i t s  of a s u b s t a n t i a l  
v a r i e t y  were observed so t h a t  a broad knowledge of the e f f e c t s  of space r a d i a t i o n  
on these types of mic roc i r cu i t s  was obtained.  The major c r i t e r i a  f o r  s e l e c t i o n  
were the c i r c u i t ' s  p o t e n t i a l  use i n  f u t u r e  space missions and NASA's needs. 
Operat ional  ampl i f i e r s  were se l ec t ed  as r e p r e s e n t i t i v e  of t he  analog 
c i r c u i t s  because of t h e i r  wide range of a p p l i c a b i l i t y  i n  e l e c t r o n i c  c i r c u i t s  
and because a s u b s t a n t i a l  v a r i e t y  of  such mic roc i r cu i t s  a r e  commercially 
a v a i l a b l e .  The d i g i t a l  c i r c u i t s  were s e l e c t e d  i n  p a i r s ,  i . e . ,  a ga t e  and a 
f l i p - f l o p  f o r  each manufacturer and conf igura t ion  se l ec t ed .  Since a ma jo r i ty  
of the systems using d i g i t a l  elements conta in  both ga t e s  and f l i p - f l o p s ,  
s u f f i c i e n t  des ign  information would no t  be provided i f  only the  ga t e s  o r  only 
the f l i p - f l o p s  were s tud ied .  Power consumption was a major c r i t e r i o n  f o r  the  
s e l e c t i o n  of these  mic roc i r cu i t s  , s ince  f o r  c i r c u i t s  w i th  reduced power re- 
quirements,  the des igner  can increase  the number or  complexity of t he  e l e c t r o n i c  
-9- 
TABLE 1. DEVICES USED I N  TNE FUNDAMENTAL STUDY 
Function P a r t  No. Manu f a c t ure r Coments 
Operat ional  Amplifier PA709 
.- 
-9 
Operat ional  Amplif ier  LM10 1 
Operat ional  Amplif ier  807BE 
Video Amplif ier  SE50 1 G  
D i g i t a l  Gate 
D i g i t a l  F l ip-Flop 
D i g i t a l  Gate 
D i g i t a l  Fl ip-Flop 
D i g i t a l  Gate 







Fa i r c h i  Id 
National Semi- 
conductor 
Arne l co  
S igne t  ics 
Texas Instruments 
F a i r  c h i  Id 
Rad ia t ion, Inc . 
High ga in  ampli- 
f i e r .  (This 
device type was 
s tudied  under 
NAS5-9630) 
High ga in  ampli- 
f i e r  s i m i l a r  t o  
@A709 and 807BE. 
High ga in  ampli- 
f i e r  s i m i l a r  t o  
PA709 and M101. 
Variable  ga in  
ampl i f i e r  w i t h  
ad j us t ab  l e  band - 
width. Planned 
f o r  use i n  John 
Hopkins Univer- 
s i t y  space probe 
T ~ L  conf igura t ion  
designed f o r  low 
power d i s s  ipa t ion. 
DTL conf igura t ion  
designed f o r  low 
power d i s  s ipa t ion. 
DTL conf igu ra t ion  
w i t h  d i e l e c t r i c  
i s o l a t i o n .  (Very 
s i m i l a r  t o  RD210 
and RD221 s tudied  
under NAS5-9630) 
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funct ions performed on a space mission with the  same amount of a v a i l a b l e  power. 
Both p-n junc t ion  i so l a t ed  and d i e l e c t r i c a l l y  i so l a t ed  mic roc i r cu i t s  were 
se l ec t ed .  I n  consider ing the  specimen types f o r  t h i s  program it w a s  f e l t  t h a t  
some p a r t  types t h a t  were evaluated i n  previous programs should be included 
i n  t h i s  program. 
. 
The c i r c u i t s  l i s t e d  i n  Table 2 a r e  the  seven p a r t  types t h a t  c o n s t i t u t e  -- 
the  equ iva len t - c i r cu i t  group. 
and d i e l e c t r i c a l l y  i s o l a t e d  c i r c u i t s  as we l l  a s  c i r c u i t s  s i m i l a r  t o  those 
This group conta ins  both p-n junc t ion  i s o l a t e d  
T 
h 
evaluated i n  previous programs. 
Tes t  Groups 
A s  ind ica ted  i n  Table 3 ,  50 u n i t s  of each device type i n  the  fundal- 
mental-study group were obtained.  These devices  were cont r ibu ted  t o  the  
program by the  c i r c u i t  manufacturers. Af t e r  i n i t i a l  cha rac t e r i za t ion ,  each 
s e t  of f i f t y  devices  was divided i n t o  seven t e s t  groups. The f i r s t  test 
group cons is ted  of 5 u n i t s  t h a t  comprised the  con t ro l  group (not i r r a d i a t e d ) .  
The next t h ree  groups of 10 u n i t s  each were s t a t i c a l l y  operated i n  the  e l e c t r o n  
environment a t  e l e c t r o n  energ ies  of 0.5, 1.0,  and 1.5 MeV, r e spec t ive ly .  The 
remaining t h r e e  groups of 5 u n i t s  each were unbiased during i r r a d i a t i o n .  
However, t he  samples were pulsed pe r iod ica l ly  wi th  power-supply and input  
vo l tages  and the  output response was photographed. 
For the  equiva len t -c i rcu i t - s tudy  group, 2 1  u n i t s  of each device type 
were i r r a d i a t e d .  Each s e t  of 2 1  u n i t s  w a s  divided i n t o  f i v e  t es t  groups. The 
f i r s t  t h ree  groups cons is ted  of 2 u n i t s  each which were i r r a d i a t e d  a t  the  
th ree  energy l e v e l s .  The remaining 15 u n i t s  of each p a r t  type were i r r a d i a t e d  
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TABLE 2.  DEVICES USED I N  THE EQUIVALENT-CIRCUIT STUDY 
Function Pa r t  No. Manufacturer Comments 
D i g i t a l  Gate 
. D i g i t a l  Gate 
D i g i t a l  Gate 
* 
D i g i t a l  Gate 
D i g i t a l  Gate 
D i g i t a l  Gate 
D i g i t a l  Gate 
MC962 
PL962 




Mot o r  o l a  
Phi lco  
Fa i r c h i l d  
Texas Instruments 
Radiation , Inc . 
Motorola 
Mo t o r  o l a  
Junct ion i so l a t ed  
(B-3M NASS- 
9630) 
Junct ion i so l a t ed  
Junct ion i so l a t ed  
(same family a s  
DTPL930 NAS5- 
3985). 
Junct ion is0 l a  ted 
Die l ec  t r i c a l l y  
is0 l a t ed  
D i e l e c t r i c a l l y  
i so l a t ed  
Die l ec  t r i c a l l y  
i so l a t ed  ( s imi la r  
t o  SN1253; d i f -  
f e r e n t  c i r c u i t  
topology). 
(a) No P a r t  Number was assigned t o  these p a r t i c u l a r  devices .  In  the  t e x t ,  these 
devices  a r e  r e fe r r ed  t o  a s  Motorola D i e l e c t r i c a l l y  I so la ted  C i rcu i t s .  
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a t  the  c r i t i c a l  e l ec t ron  energy (1.5 MeV), s imi l a r  t o  the i r r a d i a t i o n s  of the 
fundamental-study group. 
and SN15962 c i r c u i t s  were procured. 
con t ro l  group (not i r r a d i a t e d ) .  
In  add i t ion ,  four  each of the DTgL962, PL962, MC962, 
These samples were pooled and used a s  the 
Table 3 summarizes the t e s t a g r o u p s  f o r  both 
* the  fundamental and equivalent  c i r c u i t  s t u d i e s .  
4 .- 
Charac ter iza t ion  
-I 
The cha rac t e r i za t ion  was a source of two types of da ta  t h a t  se rve  the 
following purposes : 
(1) To determine, f o r  design and app l i ca t ion  use,  the 
func t iona l  changes i n  device performance parameters 
t h a t  e s t a b l i s h  the f a i l u r e  modes due t o  r a d i a t i o n  
(2) To determine the e f f e c t s  of r ad ia t ion  on the ind iv idua l  
components wi th in  the  in tegra ted  c i r c u i t  by means of 
terminal  measurements. 
The cha rac t e r i za t ion  of microc i rcu i t s  was intended t o  be an examination 
of t h e  mic roc i r cu i t ' s  c h a r a c t e r i s t i c s  s u f f i c i e n t  t o  descr ibe  the changes t h a t  
a r e  of engineering i n t e r e s t .  Two general  ca tegor ies  of parameters were measured: 
func t iona l  and nonfunctional.  The func t iona l  parameters a re  those ind ica t ive  
of the system performance c a p a b i l i t y  of the  microc i rcu i t  funct ion.  An example 
of the  functional-parameter measurements would be the s t a t i c  logic-voltage 
l e v e l s ,  l og ica l  0 and 1 c u r r e n t s ,  t r a n s i e n t  parameters, dc o f f s e t ,  and cutoff  
frequency depending on t h e  funct ion of the microc i rcu i t .  
Nonfunctional parameters a r e  those he lpfu l  t o  t h e  i s o l a t i o n  of 
s p e c i f i c  func t iona l  changes. These parameters may cons i s t  of diode charac- ' 
ter is t ics ,  t r a n s i s t o r  gain,  o r  r e s i s t a n c e .  Nonfunctional parameters depend on 
-14- 
the  a v a i l a b i l i t y  of e s s e n t i a l  i n t e r n a l  elements a t  ex t e rna l  terminals .  D i g i t a l  
c i r c u i t s  were measured on B a t t e l l e ' s  automatic da ta - tak ing  system i n  groups of 
50. 
t h a t  was processed. 
The plans f o r  the cha rac t e r i za t ion  were developed i n  three  sec t ions  
The b i a s  condi t ions f o r  each parameter were a d j u s t  
A t o t a l  of 687 devices were charac te r ized .  
s imi l a r  t o  those 
s e c t i o n  c o n s i s t s  
parameters t o  be 
L 
= r  used under Contract NAS5-9630 and NAS5-3985. The f i r s t  
of a schematic of the  c i r c u i t ,  c i r c u i t  i d e n t i f i c a t i o n ,  and the 
measured. The second sec t ion  cons i s t s  of a general  view of 
- 
*I 
the  ind iv idua l  t e s t s ,  including test  condi t ions and comments of a general  na ture .  
Samples of t h i s  s ec t ion  a r e  given i n  Figures  3 ,  4 ,  and 5 f o r  a ga te ,  a f l i p - f l o p ,  
and an ampl i f i e r ,  respec t ive ly .  The t h i r d  sec t ion  cons i s t s  of a de t a i l ed  
experimental procedure f o r  each parameter measurement. A l l  th ree  p a r t s  of t he  
cha rac t e r i za t ion  plans a r e  presented i n  Appendix I, Volume 11. 
Monitoring During I r r a d i a t i o n  
I n  s i t u  monitoring of se l ec t ed  parameters was used on a l l  c i r c u i t s  
t o  determine the e f f e c t s  of inc ident  r ad ia t ion  and the degree of permanency of 
any de le t e r ious  e f f e c t s  t h a t  occurred. Parameters,  of the biased group were 
monitored by a modified H e w l e t t  Package Dymec Data acqu i s i t i on  system a t  Goddard 
Space F l i g h t  Center t h a t  a l s o  cont ro l led  the  input vo l tages .  Data was read 
automatical ly  and recorded both on punched- and printed-paper tapes .  Monitoring 
of the pass ive ly  i r r a d i a t e d  group was accomplished by ga t ing  on t h e  supply and 
input  vo l tages  f o r  s h o r t  i n t e r v a l s  of time (10 t o  100 psec) a t  predetermined 
fluence po in t s .  Data were displayed on a s torage osci l loscope and e i t h e r  read 




Vcc = 5 .O v o l t s  on P i n  4 
Ground P i n  11 
Temperature 2 5  C 
CIRCUIT TYPE: SN54L20 
NOTES 
= 2.40 v o l t s  'MIN ONE 
= 0.30 v o l t s  'MAX ZERO 
Output v o l t a g e  l e v e l s  
Input  v o l t a g e  levels 
Inpu t  leakage c u r r e n t  
Input  d r i v e  c u r r e n t  
ground through 100 n. 
Power supp ly  c u r r e n t  
one level .  
Propagat ion  de  l a y  
a t e  wh i l e  a t  fan-out  of 10. 
Engineer :  LJP Date: J u l y  15, 1967 
FIGURE 3 .  SAMPLE CHARACTERIZATION PLAN FOR GATES 
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CHARACTERIZATION PLAN 
CIRCUIT TYPE: L m m L  9040 
a 
1 BASIC CONDITIONS 11 NOTES 
VCC = 5 v o l t s  on P i n  14 
Ground on P i n  7 
P i n  11 open 
Temperature 25 C 
= 0.25 v o l t s  
S tandard  c l o c k  pulse :  4.5 v o l t s  
500 ns, 1 MHz 
v e N  ::io = 2.45 v o l t s  
PAMMETER 
Output-one v o l t a g e  f o r  
Q and Q 
Output-zero v o l t a g e  f o r  
Q and Q 
D Inpu t  leakage c u r r e n t  a t  C 
D’ Inpu t  z e r o  c u r r e n t  a t  C 
SC’ CP 
Res is  tanc  e 
Propagat ion  d e l a y  
_I_ 
Minimum c l o c k  ampl i tude  
CONDITIONS 
A t  fan-out  of 10 (RL = 4 k h a ) .  
-- -- 
A t  f an -ou t  of 10 (\ = 4 k0). 
5 v o l t s  a t  C measure leakage  t o  P i n  14.  D 
Cur ren t  when the  r e s p e c t i v e  t e rmina l s  are 
grounded . 
15 &2 r e s i s t o r  between P ins  5 and 14. 
Delay between i n p u t  and output  a t  fan-out  
of 10. 
Reduce c l o c k  ampli tude u n t i l  toggle  a c t i o n  
s t o p s .  
Engineer:  LJP Date: J u l y  20,  1967 
--- 
FIGURE 4 .  SAMPLE CHARACTERIZATION PLAN FOR FLIP-FLOPS 
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CHARACTEi<IZATION PLAN 
CIRCUIT TYPE: I.24 101 
BASIC CONDITIONS 
-12 v o l t s  P i n  4 
+12 v o l t s  P i n  7 
Temperature 25  C 
PARAMETER 
High g a i n  mode 
High g a i n  mode (*5 v o l t s )  
Closed loop  g a i n  
I n p u t  o f f s e t  v o l t a g e  
Input  o f f s e t  v o l t a g e  (25 
v o l t s )  
Input  b i a s  c u r r e n t  
2 S a t u r a t i o n  v o l t a g e  
Common mode r e j e c t i o n  r a t i o  
Inpu t  o f f s e t  c u r r e n t  
NOTES 
+5 v o l t s  P i n  4 
-5 v o l t s  P i n  7 
CONDITIONS 
Use t r i a n g u l a r  wave i n p u t .  From V ve r sus  
i n  p l o t  o b t a i n  g a i n .  Repeat same measure- Vout  
ment a t  Vcc, VBB = +5 v o l t s .  
Ampl i f i e r  t i e d  down t o  g a i n  of 100. 
The ou tpu t  v o l t a g e  a t  z e r o  i n p u t  d iv ided  by 
g a i n .  Operated under c losed- loop  c o n d i t i o n s  - - 
'BB - (100). 5 v o l t s .  
Repeat same measurement a t  Vcc, 
Input  t o  ground - open-loop c o n f i g u r a t i o n .  
Average sum of bo th  i n p u t  t r a n s i s t o r  b i a s  
c u r r e n t s .  
I n c r e a s e  i n p u t  v o l t a g e  u n t i l  ou tput  r eaches  
s a t u r a t i o n .  Use c losed - loop c onf i g u r a  t i o n .  
Ampl i f i e r  t i e d  dawn t o  ga in  of 100. Inpu t  
s i g n a l  w a s  1.0 v o l t  r m s  a t  100 Hz. CMRR 
measured i n  v o l t s .  - 
Open loop c o n f i g u r a t i o n .  D i f f e rence  between 
t h e  i n p u t  b i a s  c u r r e n t  of t h e  two i n p u t  
t r a n s i s t o r s .  
Engineer :  LJP Date: Sept .  1, 1967 
..- IL- . 
FIGURE 5 .  SAMPLE CHARACTERIZATION PLAN FOR AMPLIFIERS 
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Monitoring Gates 
Figures  6 and 7 i l l u s t r a t e  the  general  test  conf igura t ions  f o r  the  
biased and unbiased ga te  c i r c u i t s .  F i f t e e n  c i r c u i t s  of the same device type,  
t e n  biased and f i v e  unbiased, were mounted on each pr in ted  c i r c u i t  card.  Two 
cards  placed end t o  end were i r r a d i a t e d  simultaneously.  
I n  the  biased conf igura t ion ,  the  input  lead from each c i r c u i t  was 
4 connected t o  a common input  bus. The input-vol tage l e v e l  on the  bus w a s  con- .a. 
t r o l l e d  by the  Dymec Data Acquis i t ion  System. The output of each c i r c u i t  was 
connected t o  a s p e c i f i c  input  channel of  the  da t a  system. Indiv idua l  load 
r e s i s t o r s  were connected from each c i r c u i t  output t o  the  pos i t i ve  vol tage supply. 
The load r e s i s t o r s  were chosen t o  represent  the maximum permissible  fan-out f o r  
each c i r c u i t  type. 
A t  s e l ec t ed  e l e c t r o n  f luences the  r a d i a t i o n  was  i n t e r rup ted  f o r  mea- 
surement. The c i r c u i t  temperature was observed and s u f f i c i e n t  time w a s  allowed 
f o r  the  c i r c u i t s  t o  cool  t o  room temperature (-25 C ) .  The r i s e  i n  c i r c u i t  
temperature was neg l ig ib l e  a t  the l o w  exposure r a t e s ,  however, a t  the higher r a t e s  
2 (approximately l O I 2  e/cm -s )  the  temperature of the  c i r c u i t s  increased 5 t o  
10 C. A f t e r  the  temperature had s t a b i l i z e d ,  the da t a  scan was i n i t i a t e d  and 
the  da t a  were recorded. 
During the  f i r s t  da t a  scan,  the  c i r c u i t  input  vo l tages  were maintained 
a t  the  same l e v e l  as they were during the  i r r a d i a t i o n  (the maximum permissible  
vol tage f o r  a log ic  zero) .  The output-voltage l e v e l  of each biased c i r c u i t  was 
measured i n  t u r n .  ChAnnels 1 t o  10 were a l l o t t e d  t o  the  ten  c i r c u i t s  on the  
top board i n  the  r a d i a t i o n  f i x t u r e .  Channels 11 t o  20 were a l l o t t e d  t o  the  
- 19- 
FIGURE 6 .  GENERAL TEST CONFIGURATION FOR BIASED 
GATE CIRCUITS 
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c i r c u i t s  
D- 
~ C a t h o d e  F 1 l o w e r  
Line D r i v e r s  
C 
-+ Select 
--b A p p r o p r i a t e  








SUPP 1Y 1 
J 
F I G U R E  7. GENERAL T E S T  CONE'IGURATION F O R  UNBIASED 
GATE CIRCUITS 
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t en  c i r c u i t s  on the  lower board. A t  the  completion of the f i r s t  scan, t h e  
da ta  system automatical ly  appl ied the minimum permissible logic-one vol tage 
t o  the in tegra ted  c i r c u i t .  
outputs  and record the  da t a .  Per iphera l  measurements (input-voltage l e v e l s ,  
The system would again scan a l l  ope ra t ing -c i r cu i t  
f luence ,  and power-supply vol tages)  were recorded on Channels 20 to  25. Thus it 
was poss ib le  t o  determine the  c i r c u i t  s t a t e s  regard less  of i n t eg ra t ed -c i r cu i t  
Y 
* *  
f a i l u r e .  
_” 
The output-voltage pulses  from the unbiased group of ga te  c i r c u i t s  
was displayed on a s torage  osci l loscope.  A conventional cathode follower,  
located near t he  in tegra ted  c i r c u i t s ,  served t o  i s o l a t e  the c i r c u i t s  from t h e  
e f f e c t s  of long low-impedance coaxia l  l i n e s .  A pulsed-power supply, designed 
and contructed t o  provide s i n g l e  pulses of vol tage,  cont ro l led  i n  amplitude 
and dura t ion ,  served t o  energize the  in tegra ted  c i r c u i t s .  A t  spec i f ied  fluence 
po in t s ,  the s ing le-pulse  switch of the pulse generator  was ac tua ted .  Two o u t p u t  
pulses  were obtained from the pulse  generator .  The f i r s t  pulse  was  appl ied t o  
the s torage osc i l l o scope ’ s  ex te rna l  synchronization connection and served t o  
i n i t i a t e  the osc i l loscope  t r ace .  The second pulse ,  of p re se t  dura t ion ,  was  
appl ied t o  the input  of the  pulsed-power supply a f t e r  being delayed. 
delay permitted t h e  waveform t o  be centered on the  osc i l loscope  d i sp lay .  
Logic inputs t o  the ga tes  were l e f t  i n  an open-circui t  condi t ion corresponding 
t o  a log ic  one. Therefore,  on the  app l i ca t ion  of the supply vol tage pulse ,  
t h e  c i r c u i t  outputs would be a t  log ic  zero fo r  the dura t ion  of the pulse.  
Load r e s i s t o r s ,  chosen to  represent  the maximum permissible fan-out simulated 
the e f f e c t s  of loading i n  an ac tua l -appl ica t ion  s i t u a t i o n .  A s  described 
The 
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e a r l i e r ,  the  output  vo l tage  of the in t eg ra t ed  c i r c u i t s  was displayed on a 
s torage  osc i l loscope  through the vacuum-tube l i n e  d r i v e r  and approximately 40 
f e e t  of RC-58 coax ia l  cab le .  The d i sp lay  was s tored  on t h e  osc i l loscope  f o r  
d i r e c t  eva lua t ion  o r  a photographic record.  The sequence was repeated f o r  each 
of the  f i v e  c i r c u i t s  on the card .  
* *  
Input  and power-supply vol tages  were set a t  the va lues  spec i f i ed  
during cha rac t e r i za t ion .  The s p e c i f i c  test conf igura t ions  may be found i n  
c 
Appendix 11, Volume 11, according t o  device type.  
Monitoring F 1 i p  -F lops 
Figures  8 and 9 i l l u s t r a t e  the  general  t e s t  conf igura t ion  f o r  t h e  
biased and unbiased f l i p - f l o p  c i r c u i t s .  F i f t e e n  c i r c u i t s  of the same device 
type,  t en  opera t ing  and f i v e  nonoperating, were mounted on each p r i n t e d - c i r c u i t  
card .  Two cards  placed end t o  end were i r r a d i a t e d  simultaneously.  Load 
r e s i s t o r s ,  chosen t o  represent  the maximum permissible  fan-out ,  were connected 
from both outputs  on each c i r c u i t  t o  the p o s i t i v e  supply vol tage .  
I n  the  opera t ing  conf igura t ion ,  a d i r e c t  input  lead from each c i r c u i t  
was connected t o  a manual switch a t  the  data-system con t ro l  panel.  By means of 
the switch,  the f l i p - f l o p s  could be r e s e t .  Connections were made from both Q and 
Q t o  the s t a t i o n a r y  contac ts  of r e l ays  of the da t a  system. 
from each r e l a y  was connected through the  system patch panel t o  a s p e c i f i c  
da ta - input  channel. Data-system Channels 1 through 10 were a l l o t t e d  t o  c i r c u i t s  
on the upper board i n  the  r a d i a t i o n  f i x t u r e  and Channels 11 through 20 were 
- 
The movable contac t  
a l l o t t e d  t o  c i r c u i t s  on the  lower board. The r e l a y  s t a t e s  were cont ro l led  by 





FIGURE 8. GENERAL TEST CONFIGURATION FOR THE BIASED 
F L I P - F L O P  CIRCUITS 
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C a t h o d e  Fo 1 l o w e r  
Line D r i v e r s  
- 
Select 
A p p r o p r i a t e  
C a b  le 
Pulse G e n e r a t o r  
~ 
FIGURE 9. GENERAL TEST CONFIGURATION FOR THE UNBIASED 
F L I P - F L O P  CIRCUIT 
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The measurement sequence a t  a s p e c i f i c  f luence poin t  w a s ,  i n  genera l ,  
the  same a s  t h a t  f o r  the biased ga te  c i r c u i t s .  Af te r  the i r r a d i a t i o n  was 
in t e r rup ted  and the  temperature of the c i r c u i t s  re turned t o  25 C,  the  c i r c u i t s  
were scanned t o  observe the  log ic  s t a t e .  The r e s e t  switch w a s  operated a s  
. necessary t o  r e s e t  c i r c u i t s  t h a t  had been switched due t o  no i se  pulses .  Af t e r  
ur .- 
i t  w a s  determined 
was i n i t i a t e d  and 
f o r  each c i r c u i t .  
."* 
s h i f t e d  the o ther  
t h a t  a l l  c i r c u i t s  w e r e , i n  the  proper s ta te ,  t h e  da t a  scan  
the  output  vo l tage  l e v e l ,  a t  t h e  one output ,  was recorded 
A t  the  completion of the scan,  the d a t a  system automat ica l ly  
f l i p - f l o p  outputs  t o  the  system da ta- input  channels.  Another 
da ta  scan was i n i t i a t e d  and the  o the r  logic-condi t ion da ta  were recorded. 
The d i r e c t - s e t  input  on each f l i p - f l o p  of the  unbiased group w a s  
grounded t o  insure  t h a t  the  c i r c u i t  would be i n  t h e  same s t a t e  each time t h a t  
it was energized. Load r e s i s t o r s  were connected from each output t o  the pulsed- 
supply vol tage .  
miss ib le  fan-out.  The output of each c i r c u i t  w a s  connected through a l i n e  
d r i v e r  t o  the s torage  osc i l loscope .  Operation of the pulsed da ta -co l l ec t ion  
system w a s  exac t ly  the  same as t h a t  f o r  the pulsed ga tes .  The s p e c i f i c  
t e s t  conf igura t ion  spec i fy ing  input  and power-supply vol tages  may be found i n  
Appendix 11, Volume 11, according to device type. 
The r e s i s t o r  values  were se l ec t ed  t o  s imulate  maximum per- 
Monitoring Operat ional  Amplifiers 
Figures  10 and 11 i l l u s t r a t e  the  genera l  test conf igura t ions  f o r  
the biased-  and unbiased-operat ional-amplif ier  groups. 
the same device type,  ten biased and f i v e  unbiased, were mounted on each 
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FIGURE 11. GENERAL TEST CONFIGTJRATION FOR THE UNBIASED 
OPERATIONAL AMPLIFIERS 
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p r i n t e d - c i r c u i t  board. Feedback r e s i s t o r s  , se lec ted  f o r  a c i r c u i t  ga in  of 
100, and s t a b i l i z i n g  networks were mounted on the board i n  c lose  proximity 
t o  the assoc ia ted  ampl i f ie r  c i r c u i t s .  Se r i e s  i s o l a t i o n  r e s i s t o r s  i n  the output 
l i n e s  served t o  e l imina te  de t r imenta l  e f f e c t s  due t o  output - l ine  reactance.  
Forty-dB a t t enua to r s  a t  the  noninvert ing input of each ampl i f i e r  c i r c u i t  served 
t o  improve the  s igna l - to-noise  r a t i o  of the  input l i n e s  and a l s o  provided i s o l a -  -. 
t i o n  between the  ind iv idua l  ampl i f ie r  c i r c u i t s .  The, c i r c u i t  conf igura t ion  was 
i d e n t i c a l  i n  both the  biased and unbiased condi t ions.  .L. 
The input-output va r i ab le s  and t h e  parameters measured a r e  l i s t e d  i n  
Four output parameters were chosen f o r  measurement. A grounded-input Table 4 .  
condi t ion was used t o  permit a convenient measurement of input o f f s e t  vo l t age ,  
TABLE 4 .  OPERATIONAL-AMPLIFIER-MEASUREMENT CONDITIONS 
Scan Input ( a t  output  
the  ampl i f ie r )  
Pa rame t e  r 
1 Ground Dc vol tage Offse t  vo l tage  
2 +0.22 v Dc vol tage Pos i t i ve  sa tu ra t ion  
3 
4 
-0.22 v Dc vol tage Negative sa tu ra t ion  
1 kHz s inusoid Ac vol tage  C i r c u i t  ga in  
During 
I r r a d i a t i o n  Ground 
an ac s i g n a l  was appl ied f o r  the  ga in  measurement, and both pos i t i ve  and 
negat ive dc vol tages  provided a measurement of t he  s a t u r a t i o n  l e v e l s .  Se l ec t ion  
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of the  var ious input  vo l tages  was performed by programmable r e l ays  i n  the  
da t a  system. Measurements were made in  the  same general  manner a s  t h a t  €or  
the  g a t e  c i r c u i t s .  
The same type of pulsed arrangement descr ibed previously was used 
t o  monitor the  opera t iona l  ampl i f i e r s  which were unbiased during i r r a d i a t i o n .  
% -  A pulse  generator  furnished a synchronizing pulse  t o  the s torage  osc i l loscope  
- and a delayed pulse ,  of p re se t  dura t ion ,  t o  the  pulsed-power supply. Three 
h 
coincident  outputs  were obtained from the  pulsed-power supply. The f i r s t  two 
were supply vol tages  (pos i t i ve  and negat ive)  which were connected through coax ia l  
cable  t o  the Vcc, VBB inputs  on the  c i r c u i t s .  
10-kHz s inusoida l  waveform, was connected through coax ia l  cable  t o  the  non- 
inve r t ing  input  of the in tegra ted  c i r c u i t s .  The c i r c u i t  outputs  were displayed 
on the  s torage  osc i l loscope .  
da t a  on the closed-loop ga'in and o f f s e t  vol tage were obtained.  
d e t a i l s  of t he  c i r c u i t  conf igura t ion  of the  opera t iona l  ampl i f i e r s  a r e  con- 
ta ined  i n  Appendix 11, Volume 11. 
The t h i r d  output ,  a gated,  
From the photographs of the output  waveforms, 
Spec i f i c  
Monitoring Video Amplifier 
Figures  1 2  and 13 i l l u s t r a t e  t he  t e s t  conf igura t ion  f o r  the  biased 
and unbiased video ampl i f i e r s .  
s i m i l a r  t o  those t h a t  were descr ibed f o r  the opera t iona l  ampl i f i e r s .  The input  
lead from each c i r c u i t  package w a s  connected through a common input  l i n e  t o  
the  programmable r e l ays  i n  the  d a t a  system. The ga in  was determined by the  
i n t e g r a t e d - c i r c u i t  components and no ex te rna l  components were used. Se r i e s  
The measurements made on these ampl i f i e r s  were 
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FIGURE 13. GENERAL TEST CONFIGURATION FOR THE UNBIASED 
VIDEO AMPLIFIERS 
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i s o l a t i o n  r e s i s t o r s  were mounted a t  t he  output  of each c i r c u i t  package t o  
reduce the  e f f e c t s  of l i n e  reactance.  
designated fluence p o i n t ,  was the same as t h a t  f o r  the  opera t iona l  ampl i f i e r s .  
Operation of the da t a  system, a t  each 
The input-output condi t ions and measurement sequence a r e  contained i n  Table 5. 
TABLE 5. VIDEO-AMPLIFIER MEASUREMENT CONDITIONS 
Scan Input output Parameter a. 
1 Ac ground Dc vol tage Output-voltage l e v e l  
2 Dc ground Dc vol tage Negative sa t u r a  t ion 
3 Pos i t ive  1 v o l t  dc Dc vol tage Pos it  ive s a t u r a t i o n  
4 1 kHz sinusoid 
During 
Irr ad i a  t ion Ac ground 
Ac vol tage C i r c u i t  gain 
The unbiased c i r c u i t s  were pulsed with p o s i t i v e  6 v o l t s  and gated 
10-kHz s inuso ida l  pu lses .  From the photographs of the  output waveform the 
ga in  and the  dc output l e v e l  were obtained. Addit ional  d e t a i l s  concerning 
r ad ia t ion  monitoring i s  presented i n  Appendix 11, Volume 11. 
Radiation Monitoring Equipment 
The equipment used f o r  monitoring the  powered devices i s  shown i n  
Figure 14. From l e f t  t o  r i g h t  on top of t a b l e  a r e  a ac  vol tmeter ,  a p rec i s ion  
power supply,  and two ac vol tage generators .  The two cabine ts  next t o  the  t a b l e  
conta in  the  da t a -acqu i s i t i on  system and power suppl ies .  Next i s  an osc i l loscope  
used t o  monitor the  output  of s e l ec t ed  c i r c u i t s  while the  e l ec t ron  beam w a s  on. 
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FIGURE 14. MONITORING EQUIPMENT USED FOR POWERED 
DEVICES DURING IRRADIATION 
FIGURE 15. MONITORING EQUIPMENT USED FOR THE PASSIVELY 
IRRADIATED DEVICES DURING IRRADIATION 
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The da ta -acqu i s i t i on  system used f o r  t h i s  experiment was the  Dy-2010B 
manufactured by the  Hewlett Packard Company. 
modified by the  Goddard Space F l i g h t  Center Radiation Ef fec t s  Group f o r  use i n  
r a d i a t i o n  experiments. The system, by means of a s tepping scanner ,  samples up 
t o  25 d i f f e r e n t  dc o r  ac  vol tages .  
an in t eg ra t ing  d i g i t a l  vol tmeter  t h a t  i s  the  hea r t  of the  system. 
modif icat ions have enhanced the  system's v e r s a t i l i t y  f o r  r ad ia t ion  experiments: 
The system had been ex tens ive ly  
S ix  d i g i t s  of information a r e  provided by 
II 
Two major 
* (1) an a d d i t i o n a l  scanner,  capable of operat ion i n  seve ra l  d i f f e r e n t  modes i s  
used t o  con t ro l  an  a r r a y  of r e l ays .  The r e l a y  c losu res ,  access ib le  a t  a patch 
panel ,  permit system-controlled changes i n  c i r c u i t  conf igura t ion  and a v a r i e t y  
of measurements t o  be made on each device,  and (2) a patch panel was i n s t a l l e d  
t o  f a c i l i t a t e  changes i n  da t a  channels , re lay-contact  c losu res ,  e t c .  The 
major advantage r ea l i zed  by the  use of the da t a -acqu i s i t i on  system was the  
c a p a b i l i t y  of measuring many devices i n  a sho r t  period of time. 
paper tape provided a convenient means of da t a  s torage  f o r  subsequent pro- 
cess ing  by computer. 
The punched- 
The equipment used t o  monitor the  unbiased c i r c u i t s  i s  shown i n  
Figure 15. Two s to rage  osc i l loscopes  a r e  shown on the l e f t  s i d e  of the p i c tu re .  
The s i g n a l  genera tors ,  pulse  and s inuso ida l ,  a r e  located on the  bench next t o  
the  osc i l loscopes .  The pulsed-power suppl ies  were b u i l t  on paper-phenolic 
boards and they may be seen on top of the sine-wave s i g n a l  genera tors .  The 
var ious power suppl ies  a r e  located on the cen te r  of t he  bench. 
Figure 16a is a schematic diagram of the  pulsed-power supply used i n  
monitoring the  unbiased c i r c u i t s .  Laboratory-bench power suppl ies  were used 
f o r  the  pos i t i ve  and negat ive supply vol tages .  A pulse  generator  supplied the  
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a .  Pulsed-Power Supply 
Tube Type 6201 
b, Cathode Follower 
FIGURE 16. VACUUM TUBE CATHODE FOLLOWER AND TRANSISTORZZED 
PULSED-POWER-SUPPLY CIRCUITS 
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negat ive 15-vol t  input  pulse .  T rans i s to r  ampl i f i e r s  Q and Q form the 
negat ive pulse  s e c t i o n  and Q and Q, supply the  pos i t i ve  output  pulse .  
1 2 
The 3’ 
pos i t i ve  and negat ive power supply vol tages  were ad jus ted  as necessary to  a -  
obta in  the  des i r ed  output-pulse amplitude. 
s e r i e s  ga t e  f o r  t he  10-kHz s inusoid s i g n a l .  The c i r c u i t  components were 
mounted on paper-phenolic p r i n t e d - c i r c u i t  boards. 
MOS t r a n s i s t o r  Q, served as a 
. 
Figure  16b i s  a schematic diagram of the  cathode follower l i n e  -e 
d r i v e r  c i r c u i t s .  The pass ive  components of the  c i r c u i t  were mounted i n  an 
aluminum chass i s .  Shielded tube sockets  were used t o  mount t h e  Type 6201 
vacuum tubes.  The c i r c u i t  gain w a s  0.38. 
Figure 17  i s  a photograph of t he  i n  s i t u  r a d i a t i o n  f i x t u r e .  The t w o  
c y l i n d r i c a l  ob jec t s  a t  the cen te r  of the  p i c t u r e  are the  Faraday-cup dosimeters.  
FIGURE 17. RADIATION FIXTURE MOUNTED TO 
VAN DE GRAAFF ACCELERATOR 
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The in tegra ted  c i r c u i t s ,  mounted on the p r i n t e d - c i r c u i t  ca rds ,  form a v e r t i c a l  
l i n e  between the  two cups. Connections t o  ex te rna l  equipment (data system, 
power supp l i e s ,  e t c . )  were made from the  terminal  s t r i p s  seen on the  l e f t  s i d e  
of the  photograph through p r i n t e d - c i r c u i t  edge connectors t o  the in tegra ted-  
c i r c u i t  cards .  Load r e s i s t o r s  f o r  the biased groups of in tegra ted  c i r c u i t s  
e- 
- -  were mounted on paper-phenolic boards shown i n  the  lower r i g h t  s i d e  of the  
- photograph. Connections were made from the  boards t o  appropr ia te  po in t s  on 
“c1 
the  p r i n t e d - c i r c u i t  edge connectors.  
The chass i s  conta in ing  the  l i n e  d r i v e r s  i s  mounted on t h e  l e f t  s i d e  
of the  f i x t u r e .  The RG-58 output  cables  t o  the  s to rage  osc i l loscopes  a r e  
v i s i b l e  a t  the  extreme l e f t  of t he  photograph. Coaxial cab le  (RG 58 and 
RG 174) was used t o  connect the  pulsed-power-supply outputs  t o  the  output 
terminals  of the  in t eg ra t ed  c i r c u i t s .  
bo l ted  d i r e c t l y  t o  the  output horn of the Van de Graaff acce le ra to r .  
The 3/8-inch aluminum main frame was 
The c i r c u i t s  were mounted on type G-10-900 glass-epoxy c i r c u i t  boards.  
Etched c i r c u i t  pa t t e rns  pecu l i a r  t o  each c i r c u i t  type were designed t o  minimize 
the  need f o r  a d d i t i o n a l  hand wir ing.  The in tegra ted  c i r c u i t s  were mounted i n  
a l i n e  through the  major a x i s  of the  board. P a r a l l e l  gap welding was used t o  
connect the c i r c u i t  leads t o  the  board. Edge p a t t e r n s  f o r  e x t e r n a l  connections 
were designed t o  accommodate Amphenol Se r i e s  143 p r in t ed -c i r cu i t  connectors.  
Figures  18a and b a r e  photographs of t y p i c a l  boards. 
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a. T y p i c a l  Digi ta l -Circui t  B o a r d  
b.  T y p i c a l  A m p l i f i e r - C i r c u i t  Board 
FIGUP3 18. TYPICAL TEST BOARDS FOR DIGITAL AND 
AMPLIE' IER CIRCUITS 
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Radiat ion Environment and Dosimetry 
Environment 
The r a d i a t i o n  environment chosen f o r  these experiments was a 2-MeV 
Van de Graaff acce le ra to r  (High Voltage Engineering AN2000), located a t  the  
- NASA-Goddard Space F l igh t  Center Radiation Ef fec t s  Laboratory. 
d i r ec t ed  through a v e r t i c a l  scanner t h a t  magnetically sweeps the  beam through 
d 
The beam was 
-- a 10 degree a r c  maximum. This r e s u l t s  in  a 15-inch uniform sweep a t  the 
t i t an ium window. The beam was  swept l i n e a r l y  along the  window a t  a 200-Hz 
r a t e .  The e l e c t r o n  energ ies  were 0.5,  1.0, and 1.5 MeV wi th  an energy spread 
a t  3-2 keV. 
scan,  were used t o  provide a continuous check on beam uniformity.  The beam 
cur ren t  could be ad jus ted  t o  obta in  f luxes  from 1 x lo7 e/cm * s  t o  approximately 
3 x 1 O I 2  e/cm ' s .  
Two vacuum-type Faraday cups,  one a t  each extreme of the major beam 
2 
2 The i r r a d i a t i o n s  were done in  a i r .  
The temperature of the  devices  was continuously monitored from the  
beginning of the  i r r a d i a t i o n  run i n  order  t o  assure  t h a t  the  measurements 
were made a t  room temperature (25 C k 3  C ) .  
junc t ions  were mounted on the  i n t e g r a t e d - c i r c u i t  packages. The thermocouple 
leads were connected, through conventional ice-bath r e fe rence  junct ions t o  a 
Honeywell s ix-poin t  recorder .  
was a t  l e a s t  k0.5 C. 
S i x  copper-Constantan thermocouple 
The accuracy of the  temperature determinations 
Dosimetry 
A s  s t a t e d  previously,  Faraday cups located on each extreme of the 
major beam sweep were used t o  monitor the  e l e c t r o n  beam. 
a cons tan t  check on beam uniformity.  
These cups provided 
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The Faraday cups were designed and constructed by the Radiation 
Ef fec t s  Group a t  Goddard Space F l i g h t  Center. 
Table 6 ,  the  aluminum outer  s h e l l  contained the measuring cup i 
s tyrene  in su la to r .  The cup was manufactured from brass  and had 
A s  shown i n  Figure 19 and 
The window p l a t e  toge ther  with the  1 - m i l  aluminum window provided an 't 
s e a l .  The cup was evacuated t o  reduce e r r o r s  caused by ion iz ing  cu r ren t s .  
Fluence was determined by one of two methods. For f luxes l e s s  than 
4 
9 2 1 x 10 e/cm *s ,  fluence was ca lcu la ted  by continuously monitoring the  cu r ren t  
f romFaraday cup t o  ground and keeping an accurate  measure of the exposure 
time. To determine t h e  f l u x ,  t h e  cur ren t  ( i n  amperes) was divided by the  
z product of the a rea  of the cup 's  window-plate aper ture  ( i n  cm ) and the  charge 
per  e l ec t ron .  For example 
8 2 
= 1 x 10 e/cm -s,  5 x lo-'' ampere (coulomb/s) 2 3.16 x 10" c m  x 1 .'6 x lo-'' coulomblelectron 
-1 2 where the Faraday cup 's  aper ture  a rea  = 3.16 x 10 
than 1 x 10 
cu r ren t  and thus determine fluence.  Se lec t ion  of s u i t a b l e  in t eg ra to r  s ca l e s  
caused t h e  instrument t o  operate  w i t h  small increments of f luence,  each of 
predetermined value.  
counter .  
automatical ly  gated o f f .  
cm . For f luxes  g r e a t e r  
9 2 e/cm 0s a cur ren t  i n t eg ra to r  was used t o  in t eg ra t e  the Faraday-cup 
The number of increments was s tored  i n  an electromechanical 
When the  counter  reached a p rese t  number, the e l ec t ron  beam was 
I r r a d i a t i o n  Procedure 
The i r r a d i a t i o n  procedure genera l ly  followed the steps t h a t  were 
out l ined before the i r r a d i a t i o n s  were s t a r t e d .  Before the microc i rcu i t  specimens, 
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a. Schematic (See Table 6 f o r  P a r t s  I d e n t i f i c a t i o n )  
b* 
FIGURE 19. FARADAY CUP, SCHEMATIC AND PHOTOGRAPH 
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TABLE 6 .  FARADAY CUP PART IDENTIFICATION 
(See Figure 19) 
43 
Faraday-Cup Assembly (a 1 : 
-ea * 
1 - Spacer--aluminum 0.065 in.,thick 
Spacer aperture--0.375 in. diameter 
2 - Window plate--aluminum 0.125 in. thick 
Window plate aperture--0.250 in. diameter 
Window--aluminum foil 0.001 in. thick 
3 - Outer shell--aluminum 2.500 in. OD, 1.250 in. ID 
4,5,6 - Measuring-cup--brass/carbon 1.125 in. OD, 1.018 in. ID 
Measuring-cup aperture--0.375 in. diameter 
7 - Insulating shell--polystyrene 1.250 in. OD, 1.125 in. ID 
8 - "0" ring 
9 - BNC and vacuum feedthrough 
10 - Vacuum connection 
(a) Parts 3 ,  4, 5, 6, and 7 are concentric right cylinders. 
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t e s t  f i x t u r e ,  and measurement instrumentat ion were t ransported t o  the 
r a d i a t i o n - f a c i l i t y  s i t e  (NASA-Goddard Space F l i g h t  Center) the experimental 
system was checked i n  the  laboratory.  Special  emphasis was placed on checking 
a l l  inst rumentat ion t o  assure  t h a t  everything w a s  i n  proper working order.  
‘EI- 
..- The i r r a d i a t i o n  procedure followed a t  the r a d i a t i o n - f a c i l i t y  s i t e  i s  
out  1 ined be low: 
(1) Place device t e s t  boards i n  test j i g  and connect 
thermocouples 
(2) Se t  a l l  necessary vol tages .  
(3) Observe opera t ion  of the  pulsed c i r c u i t s  i n  the s t a t i c  
operat ing mode through the  monitoring equipment. 
( 4 )  Convert p u k e d  c i r c u i t s  t o  pulsed opera t ing  mode and 
check operat ion.  
(5) Check b ia sed -c i r cu i t  operat ion through monitoring 
equipment. 
( 6 )  Take i n i t i a l  pulsed-measurement p i c tu re s  on samples t o  
be i r r a d i a t e d .  
7 
(7) S t a r t  r ad ia t ion  a t  a f l u x  of 10 e/cm2.s f o r  100 seconds 
and increase  f l u x  pe r iod ica l ly  t o  a maximum value of 
3 x 10” e/cm - s .  2 Maintain the  f l u x  a t  l e a s t  one order  
-44 - 
of magnitude lower than the exposure. For example, 
a t  10 e/cm of exposure the f lux  could be in-  
creased t o  10" e/cm 9 s .  




two per  decade a t  
increase the r a t e  
13 beginning a t  10 
15 beginning a t  10 
on the biased c i r c u i t s  a t  a r a t e  of 
low f luences.  A t  h igher  f luences,  





and t o  ten  per decade 
Measure the  pulsed c i r c u i t s  
11 2 a t  10 , 5 x and 1 x e/cm . 
Before recording measurements be sure  c i r c u i t s  have 
cooled t o  wi th in  3 C of room temperature. 
I r r a d i a t e  u n t i l  biased c i r c u i t s  e x h i b i t  50 percent 
2 f a i l u r e s  o r  '1 x e/cm , whichever occurs f i r s t .  
Make measurements on biased and pulsed c i r c u i t s  
a f t e r  r a d i a t i o n  has been terminated. 
Monitor biased c i r c u i t s  fo r  about 15 minutes a f t e r  
r a d i a t i o n  has been terminated. 
Convert pulsed c i r c u i t s  t o  s t a t i c  mode and observe 
through monitoring equipment. 
Disconnect power suppl ies  and remove t e s t  boards 
from t e s t  f i x t u r e .  
*- 
Observations t h a t  might be he lp fu l  i n  l a t e r  da t a  ana lys i s  were recorded 
i n  a logbook. A record was kept of the r a d i a t i o n  f l u x .  The fluence and t h e  
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measured parameter values  were recorded on the  da t a  tapes .  
from the  above r a d i a t i o n  procedure a r e  t r e a t e d ,  f o r  the  ind iv idua l  device 
Any devia t ions  
type,  i n  the s e c t i o n  e n t i t l e d  "Analysis of Data". 
ANALYSIS OE' DATA 
*a 
General 
1- The e f f e c t s  of 1.5,  1.0, and 0.5 MeV e l e c t r o n  i r r a d i a t i o n  on the t en  
d i f f e r e n t  c i r c u i t  types of the fundamental study and t h e  e f f e c t s  of 1.5 MeV ' 
e l e c t r o n  i r r a d i a t i o n  on the seven types of 962 c i r c u i t  of the equivalent-  
c i r c u i t  s tudy a r e  presented i n  t h i s  s ec t ion .  These e f f e c t s  a r e  presented i n  
terms of the device behavior determined from both the i n  s i t u  measurements and 
the  more comprehensive p re lpos t  cha rac t e r i za t ion  measurements. In  t h i s  s ec t ion  
the  p rac t i ca l .  s ign i f i cance  ,of the  observed parametric changes i s  discussed.  
At ten t ion  i s  focused on s a l i e n t  f ea tu re s  of the experimental  r e s u l t s  and on 
poss ib le  design s t e p s  t o  extend the  period of device opera t ion  i n  the  space 
environment. I n  add i t ion ,  the  t e s t  r e s u l t s  a r e  examined t o  gain f u r t h e r  i n s igh t  
i n t o  the  mechanisms of r a d i a t i o n  degradation. 
I n  t h e  following ana lys i s  of p a r t  types it  w i l l  be assumed t h a t  the 
reader  i s  f ami l i a r  ( e i t h e r  through B a t t e l l e ' s  1965 r epor t  Contract No. NAS5- 
3985 o r  o ther  sources) w i t h  the  bas i c  damage mechanisms and the  changes t h a t  
occur i n  monolithic c i r c u i t s  when exposed t o  e l e c t r o n  r a d i a t i o n .  
Due t o  the v a r i e t y  of c i r c u i t s  s tudied i n  t h i s  program, the d iscuss ion  
is  broken down i n t o  th ree  ca t egor i e s .  The ampl i f i e r  c i r c u i t s  a r e  discussed 
f i r s t ,  followed by d i scuss ion  of the d i g i t a l  c i r c u i t s .  These two groups make 
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up the fundamental-study group. The d i g i t a l  c i r c u i t s  i n  the  equiva len t -  
c i r c u i t  s tudy  a r e  t r e a t e d  las t .  Before d i scuss ing  the  ind iv idua l  c i r c u i t s  i n  
t u r n  two comments are appropr ia te .  F i r s t ,  the  changes i n  parameters which 
were permanent(3) i n  na ture  were found t o  increase  with e l e c t r o n  energy. These 81 
r e s u l t s  are s imi la r  t o  and c o n s i s t e n t  with r e s u l t s  obtained f o r  ind iv idua l  -8 
- 
t r a n s i s t o r s .  I n  should be noted,  t h a t  the e l e c t r o n  exposures quoted i n  t h i s  
r e p o r t  are inc iden t  on the  device package and not on the  mic roc i r cu i t  ch ip  i t s e l f .  
The exposure which is  seen by the  a c t i v e  devices  on the  microc i rcu i t  ch ip  may 
r" 
be s i g n i f i c a n t l y  smal le r  than the exposure measured ou t s ide  the package. 
i s  e s p e c i a l l y  t r u e  f o r  t he  i r r a d i a t i o n s  wi th  the  0.5 MeV e l ec t rons .  Some 
This  
s p e c i f i c  r e s u l t s  on package sh ie ld ing  can be found i n  a r e p o r t  t i t l e d  "Space 
Radiat ion Equivalence f o r  E f fec t s  on Trans is tors" ,  by R.  R. Brown and W. E .  
Horne prepared under NASA Contract No. NAS5-9578. 
Second, a l l  f a i l u r e s  centered around the  t r a n s i s t o r s .  Whether the  
degrada t ion  w a s  the  r e s u l t  of  (1) decreases  i n  cu r ren t  ga in ,  (2) increases  i n  
leakage c u r r e n t  such t h a t  it becomes an apprec iab le  p a r t  of the  cu r ren t  being 
con t ro l l ed  i n  t r a n s i s t o r s  opera t ing  a t  very  low-current l eve l s  , o r  (3) the  
complete f a i l u r e  of s p e c i f i c  act ive elements,  t he  problem device is  the  t ran-  
s i s t o r .  I n  add i t ion ,  the  r a d i a t i o n  response of the  in t eg ra t ed  c i r c u i t s  
s tud ied  ind ica t e s  t h a t  f a i l u r e  modes a r e  poss ib le  which are r e l a t e d  no t  only 
t o  the  degradat ion of t he  ind iv idua l  a c t i v e  elements bu+ a l s o  t o  the  design of 
the in t eg ra t ed  c i r c u i t .  A s  a consequence, a t tempts  a t  c i r c u i t  hardening must 
no t  only be aimed a t  keeping the  t r a n s i s t o r s  i n  opera t ing  ranges f o r  s a t i s f a c t o r y  
performance bu t  a l s o  must consider  the i n t e r a c t i o n  between components of a 
s p e c i f i c  system. 
- 
(3)Changes which were no t  permanent i n  na ture  were observed during some i r r a d i -  
These changes a r e  discussed i n  the  appropr ia te  s ec t ions .  a t i o n s .  
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Descript ion of Data Summaries 
To help c l a r i f y  the  d e t a i l e d  ana lys i s  and t o  make it e a s i e r  t o  follow, 
a d iscuss ion  on the  format f o r  the presenta t ion  of the  summarized da ta  i n  the 
"Results" s e c t i o n  i s  presented below. 
C i r c u i t  I d e n t i f i c a t i o n  
The f i r s t  page of each summary (see page 130) presents  the t e s t  plan 
f o r  each c i r c u i t  type.  Included on t h i s  page is  t h e  c i r c u i t  i d e n t i f i c a t i o n ,  
a schematic diagram, test condi t ions and measurement temperature,  and the  
parameters measured during i r r a d i a t i o n  and pre /pos t  cha rac t e r i za t ion  ( the 
underlined parameters were measured i n  s i t u ) .  
I n  S i t u  Data 
Af t e r  the f i r s t  page of each summary, t h e  r a d i a t i o n  response 
c i r c u i t s  i s  presented.  These da t a  a r e  presented i n  the form of curves 
of the 
showing 
the measured-circuit  parameter as a funct ion of e l ec t ron  exposure. 
presented f o r  both the biased and unbiased samples f o r  the  th ree  e l ec t ron  
Curves a r e  
energ ies  used i n  the  i r r a d i a t i o n s .  Curves a r e  included only f o r  those cases  
i n  w h i c h  a s i g n i f i c a n t  change i n  the parameter value was observed. 
The curves,  showing the response of the  biased samples, were generated 
using a computer and a CALCOMP p l o t t e r .  
t h e  minimum and maximum value observed a t  a p a r t i c u l a r  f luence value a r e  pre-  
sented.  The da ta  taken immediately a f t e r  the l a s t  exposure and the  da t a  taken 
15 minutes a f t e r  i r r a d i a t i o n  a r e  superimposed on t h e  l a s t  exposure value.  The 
The mean va lue  of each parameter wi th  
pos t  plus 15 minutes" d a t a  can be i d e n t i f i e d  by the  ho r i zon ta l  l i n e  drawn through 11 
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t h e  appropr ia te  symbols. Table 7 gives  a key f o r  i n t e r p r e t i n g  the  symbols 
used f o r  the  curves of t he  biased mic roc i r cu i t s .  Since only f i v e  c i r c u i t s  
were i r r a d i a t e d  under the  unbiased condi t ion,  the response f o r  each ind iv idua l  
c i r cu i t  is superimposed on t h e  same curve. 
a 
.) 
- *  
TABLE 7. KEY USED I N  PLOTTING W D I A T I O N  RESPONSE OF 
THE BIASED MICROCIRCUITS 




Charac ter iza t ion  Data 
Following the  radiat ion-response curves,  each summary conta ins  a 
comparative t abu la r  eva lua t ion  of the  pre/post  cha rac t e r i za t ion  measurements. 
The radiation-induced parametric changes f o r  the  device may be read d i r e c t l y  
from the t a b l e s .  
one per column. Since the da t a  were summarized by computer, the  number of 
columns (or parameters) may vary from one t o  seven on a page, depending on 
how many columns of r aw da ta  were combined. A t  the  top of each column is  l i s t e d  
the  parameter. I n  order  t o  make c i r c u i t - b y - c i r c u i t  comparisons convenient, 
common symbols were used throughout the summaries. The symbols, t o  a l imi ted  
e x t e n t ,  a r e  cons i s t en t  with those used i n  industry t o  denote microc i rcu i t  
The da ta  f o r  parameter 's  a r e  presented and p a r t i a l l y  analyzed 
parameters. 
c a p i t a l  l e t t e r s  and no subsc r ip t s .  Also,  the symbols do not necessa r i ly  co r re -  
spond t o  those used i n  the s p e c i f i c  cha rac t e r i za t ion  plans of Appendix I 
The symbols a r e  l imited because the  computer p r i n t s  only Arabic 
'u 
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(Volume 11) which more c lose ly  follow the indus t r i a l - type  symbol. Lis ted 
immediately before the  summarized r e s u l t s  a r e  the  common symbols and an 
explanat ion of the  parameter. To s impl i fy  the t a b l e s ,  the  parameter values  
a r e  l i s t e d  i n  v o l t s ,  amperes, ohms, and seconds. 
The da ta  summaries a r e  broken down i n t o  e igh t  groupings: the  infor -  
e 
- -  mation per ta in ing  t o  the  biased and unbiased groups a t  the  three  e l e c t r o n  
energy l e v e l s ;  the  F - t e s t  values;  and t h e  t - t e s t  va lues .  To permit the  
(* necessary comparisons, the parameter changes a r e  considered sepa ra t e ly  f o r  
each t e s t  group. The e f f e c t s  of the  e l e c t r i c a l  condi t ion  during i r r a d i a t i o n  
a t  the th ree  e l e c t r o n  energ ies  a r e  b a s i c a l l y  of i n t e r e s t ,  a s  a r e  the  changes 
i n  the  noni r rad ia ted  c o n t r o l  group i n  r e l a t i o n  t o  the changes i n  the  i r r a d i a t e d  




( 4 )  
each t e s t  group, the  following summarized information i s  provided: 
Number repre'sents the  number of da t a  po in t s  considered i n  
the  mathematical a n a l y s i s ,  except f o r  ca l cu la t ion  of 
the  i n i t i a l  mean. 
I n i t i a l  mean i s  the  i n i t i a l  mean of the  precharac te r iza t ion  
values  f o r  devices  belonging t o  t h a t  p a r t i c u l a r  t e s t  
group. 
Average change i s  the  average change between pre/post  
cha rac t e r i za t ion  parameter values f o r  the  devices 
belonging t o  t h a t  p a r t i c u l a r  t e s t  group. 
- Standard dev ia t ion  (STD) of t h e  mean is  a measure of the  
spread i n  parameter changes of the  sample remaining i n  
a p a r t i c u l a r  t e s t  group. 
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(5) Average percent  chanpe is  the average of the  ind iv idua l  
percent  changes i n  parameter values  f o r  each of the 
samples wi th in  a p a r t i c u l a r  t e s t  group. 
thus  "normalized" t o  f r a c t i o n a l  changes from i n i t i a l  
ins tead  of absolu te  changes. 
I n t e r v a l  e s t i m a t e 3  percent  i s  an es t imate  of the 
average change t h a t  might be seen f o r  t h i s  parameter 
i f  add i t iona l  samples were exposed t o  the  same e l e c t r o n  
environment under the same t e s t  condi t ions.  It should 
be r ea l i zed  t h a t  t h i s  es t imate  i s  based on the number 
of samples wi th in  a p a r t i c u l a r  t e s t  group and on a 
predetermined confidence l e v e l .  For  t h i s  program, a 
95 percent  confidence l e v e l  has been used. To 
summarize t h i s  i n  semiempirical  form the i n t e r v a l  
es t imate  a s  a percent  is the  p r o b a b i l i t y  [X percent  
average change < Y] = .95 ,  where X and Y a r e  the 
l i m i t s  of  the i n t e r v a l  expressed a s  a percent .  
These da t a  a r e  
(6) 
(7) Percent  average (AVE) chanpe is  t h e  average change i n  
parameter values  expressed as a percent  of the i n i t i a l  
value.  T h i s  value should f a l l  wi th in  t h e  i n t e r v a l  
es t imate  when expressed a s  a percent .  It i s  not  
necessa r i ly  t r u e ,  however, t h a t  t h e  average percent  
change w i l l  f a l l  wi th in  the i n t e r v a l  es t imate  when it  
4 
-. 
is expressed a s  a percent .  
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Below the  information f o r  each ind iv idua l  t e s t  group the re  are  the  
r e s u l t s  obtained from performing F - t e s t s  and t - tes ts .  
The  F - t e s t ,  as used here ,  provides s u f f i c i e n t  information t o  e i t h e r  
accept  o r  r e j e c t  the hypothesis t h a t  the e l e c t r o n  i r r a d i a t i o n . h a s  not  caused a 
s i g n i f i c a n t  change i n  a p a r t i c u l a r  parameter value.  This information is  pro- 
vided i n  the  form of an F-value t h a t  i s  computed from the experimental ly  obtained 
a 
.-  
. parameter da t a .  This hypothesis can be checked a t  any des i r ed  confidence l e v e l  
by r e f e r r i n g  t o  a standard F- tab le .  The F- tab le  i s  entered by s e l e c t i n g  the  
.. 
des i r ed  confidence level and determining the  degrees  of freedom. I f  the 
F-value obtained i n  t h i s  manner from the s tandard F- tab le  i s  less than t h e  
computed F-value reported i n  the d a t a  summaries, the hypothesis is r e j ec t ed  
a t  the  se l ec t ed  confidence l eve l .  F - t e s t s  were performed f o r  a l l  the  samples 
i r r a d i a t e d  a t  each energy wi th  t h e  con t ro l  group, f o r  a l l  t he  biased samples 
wi th  the  c o n t r o l  group, f o r ' a l l  the  unbiased samples with the  c o n t r o l  group. 
To c l a r i f y  the use of t he  F - t e s t  consider  the  F-value ( fo r  groups 
C, D ,  and G'4)) presented on page 144 f o r  t he  PA709 concerning parameter measure- 
ments of the  open-loop ga in  parameter. A s  shown i n  the  d a t a  summary s h e e t s ,  
t h ree  groups and a t o t a l  number of 20 samples a r e  involved i n  the mathematical 
a n a l y s i s .  Locate an F- tab le  which i s  f o r  a 95 percent  confidence level. A 
re ference  f o r  t h i s  i s  the  Handbook of P r o b a b i l i t y  and S t a t i s t i c s  with Tables ,  
by Burington and May, r ep r in t ed  1958, page 278. To e n t e r  t h i s  F - t ab le  look 
f o r  t he  F-value under the  column headed by ml = 2 and i n  the  row l i s t e d  a s  m = 2 
17  (ml = number of groups minus one and m 
number of  groups).  The number is 3.59. Now compare 3.59 wi th  the F-value 
reported on the d a t a  summary shee t  f o r  the open-loop gain of t he  MA709. It i s  
= t o t a l  number of samples minus the  2 
(4)See the  da t a  summary shee ts  f o r  code used t o  de f ine  d i f f e r e n t  groups. 
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seen t h a t  t he  computed F-value (Groups C y  D ,  G ) ,  32.3, is g r e a t e r  than the 
tabula ted  F-value,  3.59, and hence, we can r e j e c t  t he  hypothesis t h a t  e l e c t r o n  
i r r a d i a t i o n  has no t  caused a s i g n i f i c a n t  change i n  the open-loop gain.  
o the r  words, we a r e  95 percent  conf ident  t h a t ,  i f  u n i t s  comparable t o  the 
I n  
ones used f o r  t h i s  program are  exposed t o  a 1.0 MeV e l e c t r o n  flux f o r  a t o t a l  2, 
2 exposure of  1 x 10l6  e/cm , then a s t a t i s t i c a l l y  s i g n i f i c a n t  change w i l l  occur 
i n  the  open-loop ga in  due to. t he  r a d i a t i o n .  
-. 
d. 
The t - t e s t  as used here  provides s u f f i c i e n t  information t o  accept  
o r  r e j e c t  the  hypothesis t h a t  tes t  groups being considered a r e  not  s i g n i f i -  
c a n t l y  d i f f e r e n t  as a r e s u l t  of t h e i r  exposure t o  the  e l e c t r o n  environment. 
This  information i s  provided i n  the  form of a t -value which i s  computed from 
the  parameter d a t a  experimental ly  obtained from the  samples being considered. 
This  hypothesis a l s o  can be checked a t  any des i red  confidence l eve l .  Checking 
the  hypothesis wi th  the  t - t e s t  i s  s i m i l a r  t o  the check of t he  F - t e s t .  S e l e c t  
a confidence l e v e l  and determine t h e  degrees  of freedom ( fo r  t h i s  case the 
number of samples considered minus two). With t h i s  information loca te  the 
t -value i n  a s tandard t - t a b l e .  I f  the located t -value is l e s s  than t h e  
computed t -value reported i n  the  summaries then t h e  hypothesis i s  r e j ec t ed  
a t  the se l ec t ed  confidence l e v e l .  
To i l l u s t r a t e  the  use of the  t - t e s t  aga in  r e f e r  t o  the /LA709 da ta  
summary shee t  f o r  open-loop gain page 144. Consider t he  1.0-MeV-irradiated 
b iased  group (C) and the  c o n t r o l  group (G). Since,  i n  t h i s  case ,  t he  number 
of t o t a l  samples i s  15, the degrees of  freedom a r e  15 minus 2 o r  13. Now 
s e l e c t  a confidence l e v e l ,  s a y  99 percent .  Usually the  t - tes t  i s  performed a t  
a higher confidence l e v e l  than  the F - t e s t .  Locate a t - t a b l e  o r  use the  one 
on page 283 of the Handbook of P robab i l i t y  and S t a t i s t i c s  - with Tables which 
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i s  referenced under the  F - t e s t  d i scuss ion .  
0.01 (1.00 minus 0.99) and i n  the  row l i s t e d  as  13 and f ind  the t -value 3.012. 
Look under the column headed by 
Compare t h i s  va lue  wi th  t h a t  repor ted  on the  da t a  summary shee t .  For the  open- 
loop ga in  of the  pA709, i t  can be seen t h a t  the  computed t -va lue ,  6.14, f o r  the  
C-G (1.0 MeV biased-control)  group i s  g r e a t e r  than the  tabula ted  t -va lue ,  
3.012. A s  a r e s u l t ,  we can r e j e c t  a t  the  99 percent  confidence level the  
., 
- hypothesis t h a t  the b iased  samples were no t  s i g n i f i c a n t l y  d i f f e r e n t  from the  
-. 
c o n t r o l  group as a r e s u l t  of i r r a d i a t i o n  wi th  1.0 MeV e lec t rons .  I n  o the r  
words we can say wi th  99 percent  confidence t h a t  a s  a r e s u l t  of t he  i r r a d i a t i o n ,  
u n i t s  comparable t o  the  PA709 u n i t s  used i n  t h i s  program, when exposed t o  
1 x e/cm2 (1.0 MeV), w i l l  show a s t a t i s t i c a l l y  s i g n i f i c a n t  d i f f e rence  
between the  c o n t r o l  group and the biased group. 
I n  some cases  the  F-value and t -value pr in ted  i n  the  da t a  summaries 
These symbols ind ica t e  t h a t  t he  s tandard dev ia t ion  of i s  "11111" o r  l ' ~ ~ ~ ~ l l .  
t he  s p e c i f i c  groups used i n  t h e  mathematical ana lys i s  was zero and the  F- and 
t - t e s t s  a r e  inva l id .  It should be noted t h a t  both the  F- and t- tests al low 
on€y t h e i r  respec t ive  hypothesis t o  be checked f o r  acceptance or r e j e c t i o n  a t  
a s p e c i f i c  confidence level and noth ing  more than t h a t  can be s a i d  based on the 
r e s u l t s  of such t e s t s .  
Amplifier C i rcu i t s  
In t roduct ion  
The mode of f a i l u r e  f o r  the  ampl i f i e r  c i r c u i t s  was a t t r i b u t e d  t o  four  
b a s i c  parameter changes: decreased t r a n s i s t o r  ga in ,  increased input  b i a s  
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cur ren t  , decrease i n  the  maximum output-voltage swing, and increased o f f s e t  
vo l tage .  
second phase of t h i s  program. 
t h a t  caused the f i r s t  f a i l u r e  was dependent on t h e  c i r c u i t  type and the  
e l e c t r o n  i r r a d i a t i o n .  
were observed a s  a r e s u l t  of r ad ia t ion .  
changes i n  parameter values  t h a t  w e r e  observed during a s  w e l l  a s  long a f t e r  
(4  weeks). i r r a d i a t i o n .  I n  c o n t r a s t ,  temporary e f f e c t s  a r e  defined a s  changes 
i n  measured parameters which recovered e i t h e r  during o r  a f t e r  ( a t  most 30 
minutes) i r r a d i a t i o n .  The evidence seems t o  ind ica t e  t h a t  the temporary e f f e c t s  
were, a t  l e a s t ,  i n i t i a t e d  by su r face  damage. I n  some cases ,  the  changes 
occurred r a p i d l y  and a t  d i f f e r e n t  exposure r a t e s  and, thus ,  the  na ture  of the 
monitoring measurements did no t  preclude the  p o s s i b i l i t y  t h a t  some of the  
observed changes were i n i t i a t e d  by r a t e  e f f e c t s .  
These r e s u l t s  a r e  cons i s t en t  wi th  those changes observed i n  the 
The parameter change o r  combination of changes 
J Both permanent and temporary changes i n  output  parameters 
1. . Permanent changes a r e  defined as those 
e- 
Sign i f i can t  degradat ion of the  open-loop gain can be expected f o r  
ampl i f i e r s  used i n  the  space r a d i a t i o n  environment. I n  add i t ion ,  the  input  
b i a s  cu r ren t  can be expected t o  increase ,  r e s u l t i n g  i n  a lower input impedance. 
The changes i n  input  b i a s  cu r ren t  can a l s o  r e s u l t  i n  la rge  increases  i n  o f f s e t  
vo l t age ,  unless  the  r e s i s t a n c e  from input  t o  ground is  l o w .  For t h i s  reason, 
low balanced-input r e s i s t ance  from inputs  t o  ground i s  d e s i r a b l e  f o r  s t a b l e  
operat ion under space r a d i a t i o n .  Also t o  avoid s a t u r a t i o n  of cascaded ampl i f ie r  
s t ages  r e s u l t i n g  from increased o f f s e t  vo l tage ,  use ac coupling r a t h e r  than dc 
coupling. Where large output s igna l s  a r e  requi red ,  s t rong  feedback is  recommended 
i n  order  t o  make maximum use of the  a m p l i f i e r ' s  output-voltage-swing c a p a b i l i t y  
while minimizing changes i n  o f f s e t  vo l tage .  
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The f a i l u r e  c r i t e r i o n  f o r  t h i s  program was any parameter f a l l i n g  
outs ide  the l i m i t s  spec i f i ed  by the  manufacturer. F a i l u r e  l i m i t s  were spec i f i ed  
i n  t h i s  manner t o  be compatible wi th  the information suppl ied t o  des ign  
engineers  by the  manufacturers.  Since no s p e c i f i c a t i o n  w a s  given f o r  t he  
closed-loop-gain parameter,  it was a r b i t r a r i l y  determined t h a t  a 10 percent  
(. 
- -  decrease i n  closed-loop ga in  f o r  the opera t iona l  ampl i f i e r s  (pA709, 807BE, 
- and LM101) would be considered a f a i l u r e .  The closed-loop-gain f a i l u r e  level 
lh was se t  as a 25 percent  decrease f o r  the  SE501G video ampl i f i e r .  
Summary 
15 The /A709 ampl i f i e r  experienced i t s  f i r s t  f a i l u r e  a f t e r  5 x 10 
e / c m 2  (1.5 MeV) , when the maximum output  swing of a unbiased c i r c u i t  decreased 
below 19.5 v o l t s .  
exposure of 1 x 10l6 e/cm2 au r ing  e i t h e r  the  1.0 o r  0 .5  MeV i r r a d i a t i o n s .  
N o  f a i l u r e s  were observed among the  biased samples a t  an 
Changes of engineer ing s ign i f i cance  included decreased open-loop ga in ,  increases  
i n  input  b i a s  cu r ren t ,  decreases  i n  output  vo l tage  swing, and increased o f f s e t  
vo l tage .  
The 807BE biased ampl i f i e r s  were found t o  s a t u r a t e  a f t e r  approxi- 
mately 5 x 10l2  e/cm2 (1.5 MeV). These changes were temporary i n  na ture  and 
recovery was observed during continued i r r a d i a t i o n .  Only t h e  biased samples 
were observed t o  s a t u r a t e .  With r e spec t  t o  permanent changes, the  f i r s t  
f a i l u r e  was recorded a f t e r  an exposure o€ 5 x 1015 e/cm2 (1.5 MeV) when the 
output  vo l tage  swing of an unbiased 807BE ampl i f i e r  had decreased below 29.5 
v o l t s .  S i g n i f i c a n t  changes were observed i n  the open-loop ga in ,  input  b i a s  
c u r r e n t ,  output  vo l tage  swing, and o f f s e t  vol tage s imilar  t o  those of t he  
pA709 c i r c u i t s .  
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Temporary changes were a l s o  observed i n  the  ga in  and the o f f s e t  
vo l tage  of the  LMlOl c i r c u i t s .  These changes were observed dur ing  the  1.5 and 
1.0 MeV i r r a d i a t i o n s  i n  the  exposure range of 2 x 10l2 t o  2 x lOI4 e/cm . 2 
The o f f s e t  vo l tage  increased ,  and t h e  ga in  decreased by approkimately 10 * 
percent  f o r  t he  biased samples. No changes were observed among the  unbiased - 
u n i t s .  With r e spec t  t o  permanent changes, the  LMlO1 behaved s i m i l a r  t o  both 
.- 
15 the  PA709 and 807BE c i r c u i t s .  The f i r s t  f a i l u r e  was recorded a f t e r  3 x 10 
e/cm 
ac 2 (1.5 MeV) when output  vol tage swing decreased below k9.5 v o l t s .  
A decrease i n  closed-loop gain w a s  the f a i l u r e  mode f o r  the  SE501G 
2 
v ideo  ampl i f i e r s .  The f i r s t  f a i l u r e  was observed a f t e r  2 x l O I 5  e/cm (1.5 
MeV) when the  closed-loop ga in  of some biased  and unbiased samples decreased 
more than 25 percent .  Changes of engineer ing s ign i f i cance  included decreased 
closed-loop ga in ,  output  dc l eve l ,  and t r a n s i s t o r  cu r ren t  gain.  
F a i r c h i l d  PA709 
The /.&I709 is  high-gain ope ra t iona l  ampl i f i e r  with junc t ion  i s o l a t i o n ,  
f ab r i ca t ed  on a s i l i c o n  monolithic s u b s t r a t e  by the  F a i r c h i l d  P lanar  e p i t a x i a l  
process .  The c i r c u i t s  are  designed t o  provide low o f f s e t ,  high input impedance, 
l a rge  input-common-mode range, and low power consumption over the f u l l  m i l i t a r y  
temperature range (-55 C t o  +125 C ) .  Typical  open-loop gain and power con- 
sumption a r e  45,000 and 80 m i l l i w a t t s  (V = +15 v o l t s ) ,  respec t ive ly .  cc 
The p r i n c i p a l  f a i l u r e  mode f o r  the PA709 c i r c u i t s  w a s  a decrease i n  
the  output  vo l tage  swing below e . 5  v o l t s .  The measurements taken during 
exposure showed s i g n i f i c a n t  decreases  i n  t h e  magnitude of the  negat ive s a t u r a t i o n  
vol tage  between 7-8 x e/cm2 (1.5 MeV). N o  f a i l u r e s  were recorded during 
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the  1.0 and 0.5 MeV i r r a d i a t i o n s .  Engineering s i g n i f i c a n t  changes were a l s o  
observed i n  the  open-loop gain,  input  o f f s e t  vo l t age ,  and input  b i a s  cu r ren t .  
The closed-loop gain (100) of these ampl i f ie rs  remained constant  (within 2 
percent)  during i r r a d i a t i o n  and no s t a t i s t i c a l l y  s i g n i f i c a n t  changes were 
observed between the  p re lpos t  cha rac t e r i za t ion  da ta .  
o f f s e t  cu r ren t s  were s o  e r r a t i c  t h a t  no meaningful i n t e r p r e t a t i o n  of the  da t a  
was poss ib le .  The changes i n  t h e  pos i t i ve  s a t u r a t i o n  vol tage ,  common-mode 
The changes i n  the  input 
r e j e c t i o n  r a t i o ,  and r e s i s t ance  were small and not  of engineering s igni f icance .  
Tables 8 and 9 l i s t  the comparative percent  average changes f o r  the  
biased and unbiased UA709 c i r c u i t s .  No da ta  is given f o r  the  1.5-MeV i r r a d i a t e d  
unbiased group, s ince  a l l  f i v e  samples i n  t h i s  group were no t  func t iona l  a f t e r  
i r r a d i a t i n n .  The r a d i a t i o n  response of t he  c i r c u i t s  a r e  presented i n  Figures  
34 tzhrough 43 i n  t he  "Results" sec t ion .  Curves a r e  presented only i f  measurable 
changes were observed. I n  kases where the  p l o t  of the  da t a  is not  c l e a r ,  the 
da t a  i s  presented i n  t abu la r  form. 
An example of the  degradat ion of the open-loop c h a r a c t e r i s t i c s  of  
these ampl i f ie r9  a f t e r  e l e c t r o n  i r r a d i a t i o n  is shown i n  Figure 20. This f i g u r e  
shows the  input-output vo l tage  t r a n s f e r  c h a r a c t e r i s t i c s  of a t y p i c a l  i r r a d i a t e d  
and noni r rad ia ted  c f r c u i t  (not t he  same c i r c u i t ) .  These photographs i n  
conjuncti,on wi th  the  p o s t i r r a d i a t i o n  measurements i nd ica t e  t h a t  t he  open-loop 
vol tage  ga in  i s  severe ly  degraded and the  t r a n s f e r  c h a r a c t e r i s t i c  is  no longer 
l l n e a r .  The non l inea r i ty  i n  the  t ransfer .  c h a r a c t e r i s t i c  i s  more severe f o r  
negat ive vol tages  ind ica t ing  nonsymmetric degradation of t he  ampl i f ie r .  That 
is ,  fhe gain f o r  negat ive vol tages  i s  l e s s  than f o r  p o s i t i v e  vol tages .  As 
Figure 20b i n d i c a t e s ,  the  ampl i f i e r  no longer has a well-defined s a t u r a t i o n  
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TABLE 8. COMPARATIVE AVERAGE CHANGES I N  PERCENT FOR THE 
BIASED PA709 CIRCUITS 
Energy 1.5 MeV 1.0 MeV' 0.5 MeV 
b 
Open-Loop Gain -75.7 -48.2 -8 -8 .. 
Closed-Loop Gain N O S .  N.S. N.S. 
Input Offse t  Voltage -334 -55.6 N.S. 
Input Offse t  Current N.S. N.S. N.S .. 
P o s i t i v e  S a t u r a t i o n  Voltage -8.2 -5.7 -0.5 
Negative Sa tu ra t ion  Voltage -16.9 -2.5 -0.2 
Input Bias Current 690 439 N.S. 
Common Mode Rejec t ion  Rat io  N.S. N.S. N.S 
Resis tance 3.7 NOS. N.S. 
~ 
16 16 
16 1 x 10 16 
>1 x 10 >1 x 10 
1 x 10 
15 
15 
7 x 10 
8 x 10 
2 Fluence t o  F i r s t  F a i l u r e ( a ) ,  e/cm 
2 T o t a l  Fluence,  e / c m  
NOTE: N.S. = No s t a t i s t i c a l l y  s i g n i f i c a n t  change. 
(a) Output vo l tage  swing decreased below 59.5 v o l t s .  
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TABLE 9. COMPARATIVE AVERAGE CHANGES I N  PERCENT FOR THE 
UNIBASED %A709 CIRCUITS 
br Descr ip t ion  1 .5  MeV 1.0 MeV' 0.5 MeV 
I 
Open-Loop G a i n  (b) -68.8 -10.1 
Closed-Loop Gain N.S. N.S. 
- Input  Offse t  Voltage 438 N.S. 
Input Offse t  Current N.S. NOS. 
12 
P o s i t i v e  Sa tu ra t ion  Voltage -5.2 -0.3 
Negative Sa tu ra t ion  Voltage -16.2 -0.2 
Input Bias Current 3 10 29 .8  
Common Mode Reject ion Rat io  N.S. N.S. 
Resis tance 3 .O N.S N.S. 
16 
16 
>1 x 10 
1 x 10 
16 
16 
1 x 10 
1 x 10 
15 5 x 10 2 Fluence t o  F i r s t  F a i l u r e ( a ) ,  e/cm 
8 x 10 15 2 To ta l  Fluence,  e / c m  
NOTE: N.S. = No s t a t i s t i c a l l y  s i g n i f i c a n t  change. 
(a) C i r c u i t  was no t  ope ra t iona l .  
(b) A l l  c i r c u i t s  i n  t h i s  group were not  opera t iona l  a f t e r  i r r a d i a t i o n .  
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a .  Nonirradiated 
Horizontal  Scale:  5 V/cm 
V e r t i c a l  Scale:  5 V/cm 
16 b. I r r ad ia t ed - -1  x 10 
e/cm2 (1.0 MeV) 
FIGURE 20. INPUT-OUTPUT VOLTAGE TRANSFER CHARACTERISTIC OF 
TYPICAL @709 CIRCUITS 
c h a r a c t e r i s t i c  and has a reduced dynamic range. 
s a t u r a t i o n  vol tage  had decreased from approximately -11.0 v o l t s  t o  approximately 
The magnitude of the  negat ive 
-7 v o l t s .  The da ta  dur ing  i r r a d i a t i o n  ind ica t e s  t h a t  the  loss  of t he  negat ive 
por t ion  of the  output response i s  an abrupt  funct ion of f luence.  The abrupt  
f a i l u r e  of t he  output  s t age  is no t  c h a r a c t e r i s t i c  of the  gradual  decrease i n  
vol tage  gain.  
degradat ion t o  the  l a t e r a l  p-n-p level s h i f t i n g  t r a n s i s t o r  i s  believed t o  be 
responsible  f o r  the  decreases  i n  t h e  magnitude of the  negat ive s a t u r a t i o n  
vol tage  observed f o r  the  biased samples and the  complete f a i l u r e  of the  f i v e  
Since the  p o s i t i v e  s a t u r a t i o n  vol tage  decreased very l i t t l e ,  
nonbiased samples (1.5 MeV i r r a d i a t i o n ) .  
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The degradation t o  the  cur ren t  ga in  of t he  input  t r a n s i s t o r s  is  
exemplified by the  la rge  increases  i n  input b i a s  cu r ren t .  These increases  
ind ica te  the v u l n e r a b i l i t y  of t r a n s i s t o r s  operated a t  very low-current l eve l s .  
Increases  were observed i n  the  o f f s e t  vo l tage .  Changes i n  t h i s  
parameter were var ied ;  t he  general  t rend ,  however, was toward more pos i t i ve  
vol tages .  The o f f s e t  vo l tage  w a s  found t o  be  r a t h e r  s t a b l e  under i r r a d i a t i o n  
“ I  
2 - up t o  3 x l O I 5  e/cm (1.5 MeV) and 1 x e/cm2 ( 1 , O  MeV). The magnitude of 
b ,  15 the  o f f s e t  vo l tage  of Sample 5 exhibi ted s i g n i f i c a n t  increases  from 1 t o  8 x 10 
e/cm2 (0.5 MeV). 
i r r a d i a t i o n .  
r ad ia t ion  measurements were made. 
The o ther  c i r c u i t s  indicated no changes during the  0.5 MeV 
Sample 5 had recovered t o  i t s  p r e i r r a d i a t i o n  value when post-  
S ign i f i can t  increases  i n  cross-over d i s t o r t i o n  were observed i n  a l l  
ampl i f ie rs  i r r a d i a t e d  with 1.5 MeV and 1.0 MeV. Figure 2 1  shows the  output 
a .  Nonirradiated 
V e r t i c a l  Scale: 0.5 V / c m  
16 b .  I r r ad ia t ed  - 1 x 10 
(1.0 MeV 
FIGURE 21. OUTPUT VOLTAGE OF TYPICAL PA709 CIRCUITS SHOWING 
CROSS -OVER DISTORTION 
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waveform of t y p i c a l  i r r a d i a t e d  and noni r rad ia ted  c i r c u i t s  (not the same c i r c u i t ) .  
Both ampl i f i e r s  a r e  opera t ing  a t  a closed-loop ga in  of 100. The input was 
a 1-kHz s inuso ida l  s i g n a l .  Since the cross-over d i s t o r t i o n  i n  these ampl i f ie rs  
i s  el iminated by negat ive feedback, decreases  i n  the  open-loop gain a f t e r  i r-  
r a d i a t i o n  reduces the e f f ec t iveness  of t h i s  method f o r  e l imina t ing  d i s t o r t i o n .  
The c h a r a c t e r i s t i c s  of the  d i s t o r t i o n  were s i m i l a r  i n  a l l  1 .5  and 1.0 MeV 
. .  
i r r a d i a t e d  c i r c u i t s  of which the output  waveform shown i n  Figure 21b i s  r e -  
p re sen ta t ive .  No q u a n t i t a t i v e  measurements were made t o  determine the percent 
- 
d 
harmonic d i s t o r t i o n ,  e t c .  
Tables 8 and 9 show t h a t  the  degradat ion i n  the unbiased c i r c u i t s  
was Eore severe than i n  the  biased c i r c u i t s  f o r  the  c i r c u i t s  i r r a d i a t e d  w i t h  
1.5 and 1.0 MeV e lec t rons .  N o  s i g n i f i c a n t  d i f f e rences  were observed between 
the 0.5 MeV i r r a d i a t e d  biased and unbiased groups. 
i nd ica t e s  w i t h  99 percent  confidence t h a t ,  f o r  t he  open-loop ga in ,  the  negative 
s a t u r a t i o n  vol tage ,  and the o f f s e t  vo l t age ,  there  were s t a t i s t i c a l l y  s i g n i f i c a n t  
d i f f e rences  between the  biased and unbiased samples t h a t  were i r r a d i a t e d  by 
1.0 MeV e lec t rons .  
the  1.5 MeV i r r a d i a t i o n s  would ind ica t e  g r e a t e r  degradat ion t o  the unbiased 
samples. 
The s t a t i s t i c a l  ana lys i s  
The complete f a i l u r e  of a l l  f i v e  unbiased samples during 
S i g n i f i c a n t  anneal ing w a s  observed i n  the  negat ive s a t u r a t i o n  vol tages  
of the biased samples. T h i s  general  behavior i s  exemplified by Sample 10 
i r r a d i a t e d  t o  8 x l o x 5  e/cm2 (1.5 MeV). 
negat ive s a t u r a t i o n  vol tage  had degraded from -10 t o  -3.25 v o l t s .  F i f t e e n  
minutes a f t e r  exposure the s a t u r a t i o n  vol tage  had recovered t o  -4.73 v o l t s .  
Three weeks a f t e r  exposure ( p o s t i r r a d i a t i o n  cha rac t e r i za t ion )  the negat ive 
s a t u r a t i o n  vo l t age  had recovered t o  -7.9 v o l t s .  
Immediately following exposure the  
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The degradation t o  the device parameters was found t o  increase  wi th  
15 e l e c t r o n  energy. 
e/cm a t  1.5 MeV than a f t e r  1 x e/cm a t  1.0 MeV. Only minor changes were 
The changes i n  device parameters were g r e a t e r  a f t e r  8 x 10 
2 2 
observed during the  i r r a d i a t i o n  wi th  0.5 MeV e lec t rons .  
The implicat ions of these  r e s u l t s  t o  design engineers a r e  t h a t  (1) 
* e  
s t a b l e  operat ion of these ampl i f i e r s  can be expected a t  closed-loop gains  of 
a t  l e a s t  100 u n t i l  f a i l u r e  of the  output s tage  l i m i t s  opera t ion  a l toge the r ,  (2) 
the  c i r c u i t s  should be energized during i r r a d i a t i o n ,  (3) f o r  maximum gain  
* T  
s t a b i l i t y ,  the highest  power supply vol tages ,  compatible with the microc i rcu i t s  
and t h e  system, should be used, and ( 4 )  t he  c i r c u i t s  a r e  more s e n s i t i v e  t o  the  
higher energy e l e c t r o n  i r r a d i a t i o n .  
The PA709 c i r c u i t s  were i r r a d i a t e d  wi th  3.0 MeV e l e c t r o n  during 
Phase I1 of t h i s  s tudy.  During these  i r r a d i a t i o n s  the  biased c i r c u i t s  s a tu ra t ed  
a t  a r e l a t i v e l y  low e l ec t ron  f luence (1 x 1OI2 e/cm ).  2 During t h i s  t h i r d  
phase no s a t u r a t i o n  was observed during any of the  i r r a d i a t i o n s .  Since the  
Phase I1 i r r a d i a t i o n s  were terminated a t  1 x l O I 3  e/cm2, no comparisons of 
pre /pos t  c h a r a c t e r i z a t i o n  da ta  can be made with t h a t  d a t a .  
Amelco 807BE 
The 807BE is  a high-gain opera t iona l  ampl i f ie r  with junc t ion  i s o l a t i o n ,  
f ab r i ca t ed  on a s i l i c o n  monolithic s u b s t r a t e  using the p l ana r -ep i t ax ia l  process.  
The c i r c u i t  is designed t o  provide low o f f s e t ,  high input  impedance, high common- 
mode range and thermal s t a b i l i t y  over the full m i l i t a r y  temperature range. 
The nominal open-loop vol tage ga in  i s  60,000. 
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The e f f e c t s  observed during the i r r a d i a t i o n  of these c i r c u i t s  can be 
grouped i n t o  two ca t egor i e s .  The f i r s t ,  represents those changes t h a t  were 
permanent; t h a t  i s ,  changes which were observed both immediately following and 
long a f t e r  i r r a d i a t i o n .  The second, represents  t he  s a t u r a t i o n  of the biased 
ampl i f i e r s  while t he  c i r c u i t s  were i r r ad ia t ed - -a  s ta te  from which they 
. .  
even tua l ly  recovered a f t e r  the  i r r a d i a t i o n  had been terminated. The s a t u r a t i o n  
e f f e c t  w i l l  be descr ibed f i r s t .  
d 12 During the 1.5 and 1.0 MeV i r r a d i a t i o n ,  a f t e r  approximately 5 x 10 
2 e/cm , the biased 807BE ampl i f i e r s  began t o  s a t u r a t e  i n  the negat ive d i r e c t i o n .  
The i r r a d i a t i o n  w a s  then in t e r rup ted  and the sa tu ra t ed  ampl i f ie rs  were observed 
t o  recover i n  about 2 0  minutes a f t e r  the r a d i a t i o n  had been terminated.  Ir- 
r a d i a t i o n  w a s  then continued a t  a lower exposure ra te .  About 30 minutes of 
i r r a d i a t i o n  a t  1 x 10 e/cm 0s some ampl i f ie rs  s a t u r a t e d .  Since the  ampl i f ie rs  8 2 
recovered a f t e r  the e l e c t r o n  beam had been temporarily in t e r rup ted  and no 
permanent e f f e c t s  were observed, the  i r r a d i a t i o n  w a s  cont inued.  
It was found t h a t  the  time required €or the  ampl i f ie rs  t o  recover 
from s a t u r a t i o n  decreased wi th  increased exposure. A s  s t a t e d ,  about 2 0  minutes 
were required f o r  recovery a f t e r  t he  i n i t i a l  s a t u r a t i o n .  I n  c o n t r a s t ,  a f t e r  
an  exposure of 2 x e/cm the c i r c u i t s  recovered almost immediately (less 2 
than 10 seconds) .  
A s  s t a t ed ,  only the powered c i r c u i t s  were observed t o  s a t u r a t e .  To 
t e s t  the hypothesis  t h a t  the  a p p l i e d  vo l tages  w e r e  r e l a t e d  t o  the observed 
s a t u r a t i o n ,  the power s u p p l i e s  were turned o f f  during an i r r a d i a t i o n  per iod.  
Immediately a f t e r  the e l e c t r o n  beam was turned off the c i r c u i t s  were energized.  
The c i r c u i t s  d i d  not s a t u r a t e .  During the period t h a t  the c i r c u i t s  were s a t u -  
r a t ed  and whi l e  measurements w e r e  being made ( e l ec t ron  beam o f f )  the temporary 
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removal of the power-supply vol tages  d id  not  co r rec t  the s i t u a t i o n ,  i.e., 
immediately a f t e r  the r eapp l i ca t ion  of power the  c i r c u i t s  were s t i l l  sa tu ra t ed .  
The behavior j u s t  descr ibed w a s  observed during the  1.5 MeV and 1.0 
MeV i r r a d i a t i o n s .  During t h e  0.5 MeV i r r a d i a t i o n  the  s a t u r a t t o n  of ampl i f ie rs  
2 
I was not  observed u n t i l  an  exposure of 5 x 10'' e/cm and only two of the t en  
* a  
biased samples sa tu ra t ed  a t  a l l .  I n  a l l  o ther  respec ts  the two sa tu ra t ed  
c i r c u i t s  (during 0.5 MeV i r r a d i a t i o n )  behaved l i k e  the  c i r c u i t s  i r r a d i a t e d  
w i t h  1 .5  and 1.0 MeV e lec t rons .  
~ 
?PI 
No model has been suggested to  da t e  t o  expla in  t h e s e  observed e f f e c t s ,  
al though the evidence would s t rong ly  ind ica t e  sur face  e f f e c t s .  
could be a s i g n i f i c a n t  f a c t o r  con t r ibu t ing  t o  t h i s  e f f e c t .  
i s o l a t e  the problem a rea  from the information generated f o r  t h i s  program i s  
not  f e a s i b l e  because of the temporary na ture  of the  observed e f f e c t  and t h e  
na ture  of the da t a  during t'he occurrence of the e f f e c t .  
Exposure r a t e  
An attempt t o  
The permanent r a d i a t i o n  e f f e c t s  ( a f t e r  t h e  c i r c u i t s  had recovered 
from negative s a t u r a t i o n )  were observed t o  be decreases  i n  the  magnitude of 
the  negat ive s a t u r a t i o n  vol tage  (maximum output-voltage swing) and increases  
i n  the o f f s e t  vo l tage .  The pre /pos t  cha rac t e r i za t ion  measurements i nd ica t e  
changes of engineer ing s ign i f i cance  i n  the  open-loop ga in ,  negat ive s a t u r a t i o n  
vo l t age ,  o f f s e t  vo l t age ,  and input  b i a s  cu r ren t .  The changes i n  the  p o s i t i v e  
s a t u r a t i o n  vo l t age ,  closed-loop ga in ,  and common mode r e j e c t i o n  r a t i o  were 
small and not  of engineering s ign i f i cance .  While changes i n  o f f s e t  cu r ren t  
were observed, the e r r a t i c  na ture  of these  changes precluded meaningful analy- 
sis of the da t a .  
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Tables 10 and 11 list  t h e  comparative percent  average changes f o r  
the biased and unbiased 807BE c i r c u i t s .  These changes a r e  given f o r  the th ree  
energ ies  used i n  the i r r a d i a t i o n s .  The r a d i a t i o n  response of t h e  c i r c u i t s  is  
presented i n  F igures  45 through 57 i n  the "Results" s ec t ion .  Curves a r e  pre- 
sented only i f  s i g n i f i c a n t  changes were observed. 
- 
* r  
An example of the degradat ion of the open-loop ampl i f i e r  charac te r -  - 
e 
i s t i c s  i s  shown i n  Figure 22. This f igu re  shows the input-output  vo l tage  
t r a n s f e r  c h a r a c t e r i s t i c s  of a t y p i c a l  i r r a d i a t e d  and noni r rad ia ted  c i r c u i t  
(not the same c i r c u i t ) .  
cha rac t e r i za t ion  data ind ica t e  the  degradat ion t o  the  open-loop c h a r a c t e r i s t i c  
These photographs i n  conjunct ion wi th  t h e  pre /pos t  
16 a .  Nonirradiated b. I r r a d i a t e d  - 1 x 10 
(1.5 MeV) 
Horizontal  Scale:  5 V/cm 
V e r t i c a l  Scale: 5 V/cm 
FIGURE 22. INPUT-OUTPUT VOLTAGE TRANSFER CHARACTERISTIC OF 
TYPICAL 807BE CIRCUITS 
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TABLE 10. COMPARATIVE AVERAGE CHANGES IN PERCENT FOR THE 
BIASED 807BE CIRCUITS 
Energy 1 * 5 MeV 1.0 MeV' 0.5 MeV 
. Open-Loop Gain 
Closed-Loop Gain 
Input Offset  Voltage 
Input Offset  Current 
Pos i t i ve  Sa tura t ion  Voltage 
Negative Sa tura t ion  Voltage 
Input Bias Current 

























2 Fluence t o  F i r s t  F a i l u r e ,  e / c m  
15(a) 7 x 10 15 (a) 6 x 10 15(b) 6 x 10 
16 1 x 10 16 1 x 10 16 1 x 10 2 To ta l  Fluence, e/cm 
~~ ~ ~~ ~. 
NOTE: N.S. = N o  s t a t i s t i c a l l y  s i g n i f i c a n t  changes. 
(a) 
(b) Increase i n  t h e  input  o f f s e t  vol tage of 20 m i l l i v o l t s .  
Output vo l tage  swing decreased below 29.5 v o l t s .  
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TABLE 11. COMPARATIVE AVERAGE CHANGES I N  PERCENT FOR 
THE UNBIASED 807BE CIRCUITS 
Descr i p  t ion\Ene rgy 1.5 MeV 1.0 MeV' 0.5 MeV 
Open-Loop Gain -97.8 -81.8 -14.7 - .  
Closed-Loop Gain -4.3 N.S. N.S. 
Input Offset  Voltage 
Input Offset  Current 
Pos i t ive  Sa tura t ion  Voltage 
Negative Sa tura t ion  Voltage 
Input Bias Current 





















>1 x 10 
1 x 10 
16 
16 
>1 x 10 
1 x 10 
15 
16 
5 x 1 0  
1 x 10 
(a 1 Fluence t o  F i r s t  Fa i lure  , e/cm 
2 Total  Fluence, e/cm 
NOTE: N.S. = No s t a t i s t i c a l l y  s ign i f i can t  change. 
(a) Output voltage swing decreased below 29.5 v o l t s .  
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due t o  the reduct ion  of the ga in  of the a c t i v e  elements.  Even though the 
average open-loop gain had degraded more than 90 percent ,  closed-loop opera t ion  
a t  a gain of 100 was poss ib le .  The degradat ion of the  inpu t  s t age  i s  charac te r -  
ized by the la rge  increases  i n  the input  b i a s  c u r r e n t .  These la rge  changes 
i n d i c a t e  the v u l n e r a b i l i t y  of the  input  s tage  which i s  operated a t  low c u r r e n t s .  
- 
. .  The changes i n  o f f s e t  vo l tage  a f t e r  i r r a d i a t i o n  are i n d i c a t i v e  of t he  c i r c u i t  
- imbalance a f t e r  i r r a d i a t i o n ,  c o n s i s t e n t  wi th  the  severe degradat ion of the inpu t  
'% s t age .  
The magnitude of the  negat ive s a t u r a t i o n  vol tage w a s  found t o  decrease 
abrupt ly  with increased e l e c t r o n  f luence a f t e r  a threshold exposure was reached. 
These changes i n d i c a t e  an abrupt  f a i l u r e  of a c t i v e  elements i n  the c i r c u i t .  
Since the p o s i t i v e  s a t u r a t i o n  decreased very l i t t l e ,  degradat ion t o  the l a t e ra l  
p-n-p t r a n s i s t o r s  of the output s t age  a r e  believed t o  be respons ib le  f o r  these 
abrupt  changes i n  the  output vol tage swing. 
General ly ,  no s i g n i f i c a n t  d i f f e rences  were observed between biased and 
unbiased samples i r r a d i a t e d  with 1.0 and 0.5 MeV e l e c t r o n s .  The unbiased 
samples i r rad ia ted  with 1.5 MeV e lec t rons  showed s i g n i f i c a n t l y  g rea t e r  degrada- 
t i o n  than the  biased samples. The stat is t ical  ana lys i s  i n d i c a t e s ,  with 95 
percent  confidence,  t h a t  f o r  the c losed-loop gain,  input  o f f s e t  vo l tage ,  input  
o f f s e t  c u r r e n t ,  and negat ive s a t u r a t i o n  vol tage there  were s i g n i f i c a n t  d i f f e r -  
ences between the biased and unbiased s a m p l e s .  The degradat ion t o  the unbiased 
s a m p l e s  was s o  severe t h a t  three of the f ive  samples i r r a d i a t e d  with 1.5 MeV 
e l ec t rons  could not  be operated a t  a l l  a f t e r  i r r a d i a t i o n .  S ign i f i can t  anneal ing 
of the pos i t i ve  s a t u r a t i o n  vol tage  was observed fo r  the biased samples. No 
anneal ing d a t a  are ava i l ab le  f o r  the  unbiased samples, s ince  the dynamic range 
w a s  no t  measured i n  s i t u .  
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Generally t h e  degradat ion of device parameters was found t o  inc rease  
wi th  e l e c t r o n  energy f o r  both the  biased and unbiased samples .  As is ev ident  
from Tables 10 and 11 the degradat ion t o  the  open-loop ga in ,  pos i t i ve  and 
negat ive  s a t u r a t i o n  vo l t ages ,  and input  b i a s  c u r r e n t ,  w a s  most severe as a 
r e s u l t  of i r r a d i a t i o n  wi th  1.5 MeV e l e c t r o n s .  
The impl ica t ions  of these  r e su l t s  t o  des ign  engineers are tha t :  - .  
(1) 
f i e r s  can be expected a t  gains of a t  least  100 u n t i l  f a i l u r e  of the  output s t age  ,h 
from the  permanent damage poin t  of view, s t a b l e  opera t ion  of these a m p l i -  
l i m i t s  opera t ion  a l t o g e t h e r ,  (2) these  ampl i f i e r s  have a tendency toward negative 
s a t u r a t i o n  during e l e c t r o n  i r r a d i a t i o n ,  ( 3 )  f o r  g r e a t e r  c i r c u i t  longevity wi th  
r e spec t  t o  permanent degrada t ion ,  t he  c i r c u i t s  should be biased under i r r a d i a t i o n ,  
( 4 )  f o r  maximum g a i n  s t a b i l i t y  the h ighes t  supply vo l t ages ,  compatible wi th  the  
mic roc i r cu i t s  and the s y s t e m ,  should be used, and (5) the  c i r c u i t s  are more 
sensi t ive t o  t h e  h igher  energy e l e c t r o n  i r r a d i a t i o n .  
Nat ional  Semiconductor L M l O l  
The LMlOl i s  a high-gain gene ra l  purpose ope ra t iona l  ampl i f i e r  with 
junc t ion  i s o l a t i o n ,  f ab r i ca t ed  on a s i l i c o n  monolithic s u b s t r a t e  using t h e  
p l ana r -ep i t ax ia l  process.  The c i r c u i t  i s  designed t o  provide low o f f s e t ,  high 
i n p u t  impedance, la rge  common mode range, and l o w  power consumption over t he  
f u l l  m i l i t a r y  temperature range. Frequency compensation can be accomplished 
w i t h  a s i n g l e  30 picofarad c a p a c i t o r .  T y p i c a l  l a rge - s igna l  vo l t age  ga in  and 
power-supply c u r r e n t s  are 160,000 and 1.8 m i l l i a m p e r e s  r e spec t ive ly  (V = cc 
+20 v o l t s ) .  
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The p r i n c i p a l  f a i l u r e  mode f o r  the LMlOl c i r c u i t s  varied wi th  the 
e l e c t r o n  energy. I r r a d i a t i o n  wi th  1.5 MeV e l ec t rons  r e su l t ed  i n  a f i r s t  
f a i l u r e  a f t e r  an exposure of 3 x 
vol tage  swing below k9.5 v o l t s  w a s  observed. Measurements taken during 
2 
e/cm when a decrease i n  the  output 
- exposure showed s i g n i f i c a n t  decreases  i n  the pos i t i ve  s a t u r a t i o n  vol tage  
. *  2 between 2 t o  5 x 
during the  1.5 MeV i r r a d i a t i o n s ,  the closed-loop gain of the ampl i f i e r s  began 
e/cm2 (1.5 MeV). I n  add i t ion ,  beginning a t  2 x loL2 e/cm 
14 ' t o  decrease .  A l s o  changes i n  the  o f f s e t  vol tage were recorded. By 2 x 10 
2 e/cm 
values .  The changes i n  closed-loop ga in  during t h i s  period var ied ,  but  an 
average decrease of about 10 percent  was observed. 
the open-loop ga in  and o f f s e t  vol tage had recovered t o  p r e i r r a d i a t i o n  
The decrease i n  p o s i t i v e  s a t u r a t i o n  vol tage  observed during the 1.5 
MeV i r r a d i a t i o n  w a s  a l s o  observed during the 1.0 MeV i r r a d i a t i o n .  The decreases  
were, however, l e s s  severe '  and only one un i t  had decreased below 9.5 v o l t s  a f t e r  
1 x Changes i n  the closed-loop gain and o f f s e t  vol tage 
observed during the  1.5 MeV i r r a d i a t i o n  were a l s o  observed during the  1.0 MeV 
i r r a d i a t i o n  run .  Changes i n  these  parameters began a t  a f luence of 2 x 10 
e/cm2 (1.0 MeV). 
12 
e/cm2 (1.0 MeV) and by a f luence of 5 x e/cm2 (1.0 MeV) the c i r c u i t s  had 
returned t o  normal operat ion.  The o v e r a l l  decrease i n  ga in  averaged about 
10 percent .  The decrease i n  the closed-loop gain was accompanied by la rge  
v a r i a t i o n s  i n  o f f s e t  vo l tage .  The output  o f f s e t  vol tage of one u n i t  increased 
t o  over 4 v o l t s  a t  2 x lOI3 e/cm2 (1.0 MeV) and w a s  considered a f a i l u r e  ( the 
f a i l u r e  l eve l  f o r  t he  output o f f s e t  vol tage was s e t  a t  22 v o l t s ) .  Changes i n  
o f f s e t  vol tage i n  both p o s i t i v e  and negative d i r e c t i o n s  were recorded. These 
changes i n  ga in  and o f f s e t  vol tage were observed f o r  only the  biased c i r c u i t s  
du r ing  both the  1.5 and 1.0 MeV i r r a d i a t i o n s .  
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During the  0.5 MeV i r r a d i a t i o n  the  p r i n c i p a l  f a i l u r e  mode was the 
decrease i n  t h e  closed-loop ga in  of over 10 percent .  The closed-loop ga in  
decreased f o r  bo th  the biased and unbiased samples. This  decrease was caused 
by a decrease i n  the  closed-loop bandwidth a f t e r  i r r a d i a t i o n .  
i n  the  bandwidth could be obtained by decreasing t h e  compensation capac i tor .  
Some improvement 
a *  
The pre/post  cha rac t e r i za t ion  da ta  ind ica ted  degradat ion of engineer- 
ing s ign i f i cance  i n  the  open-loop ga in ,  input  b i a s  c u r r e n t ,  p o s i t i v e  s a t u r a t i o n  
vol tage ,  and power-supply cu r ren t .  Changes were observed i n  t h e  o f f s e t  vo l tage  
and t h e  o f f s e t  cu r ren t  of t h e  ampl i f i e r s .  While the  changes i n  o f f s e t  vo l tage  
va r i ed ,  t he  genera l  t rend w a s  toward the  more negat ive vol tages .  Since the  
changes i n  both  o f f s e t  vo l tage  and o f f s e t  cu r ren t  were so e r r a t i c ,  no meaning- 
f u l  a n a l y s i s  of the  da t a  were poss ib le .  The degradat ion i n  closed-loop ga in  
and negat ive s a t u r a t i o n  vo l t age  was small and no t  of engineering s ign i f i cance .  
'r 
Tables 12 and 13' l i s t  the  comparative percent  average changes f o r  
the biased and unbiased L M l O l  c i r c u i t s .  These changes are given f o r  the th ree  
energ ies  used i n  the  i r r a d i a t i o n s .  The r a d i a t i o n  response of the  c i r c u i t s  i s  
presented i n  Figures  59 through 72 i n  t h e  "Results" s ec t ion .  Curves a r e  p r 2 -  
sented only i f  measurable changes were observed. 
An example of t he  degradat ion of the open-loop c h a r a c t e r i s t i c s  of the  
ampl i f i e r s  a f t e r  i r r a d i a t i o n  is shown i n  Figure 23. This f igu re  shows the input-  
output  vo l tage  t r a n s f e r  c h a r a c t e r i s t i c s  of a t y p i c a l  i r r a d i a t e d  and noni r rad ia ted  
c i r c u i t  (not t h e  same c i r c u i t ) .  These photographs i n  conjunct ion wi th  the  pos t  
c h a r a c t e r i z a t i o n  da ta  ind ica t e  the  open-loop ga in  is  severe ly  degraded a f t e r  
i r r a d i a t i o n .  The open-loop ga in  was measured a t  power-supply vol tages  of 512 
and +5 v o l t s .  The da ta  ind ica t e  t h a t  the  percent  open-loop ga in  degradat ion 
i s  l a rge r  f o r  the  lower supply vo l t age ,  which i s  cons i s t en t  w i th  more severe 
degradat ion of t r a n s i s t o r  ga in  a t  low cu r ren t s .  The degradat ion of the cur ren t  
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TABLE 1 2 .  COMPARATIVE AVERAGE CHANGES I N  PERCENT FOR 
THE LMlOl BIASED CIRCUITS 
1.5 MeV 1.0 M e V '  0.5 MeV 
Open-Loop Gain (Vcc = k12 V )  -79.0 -67 .0  -59.7 
Closed -Loop Gain 
'* Input  Offse t  Voltage (vCc= +12 V) 
Input  Offse t  Current  
Pos i t i ve  S a t u r a t i o n  Voltage 
Negative Sa tu ra t ion  Voltage 
Input Bias Current 
Power -S upp l y  Current  
Open-Loop Gain (V = k 5  V )  
Input  Offse t  Voltage (Vcc= +5 V )  
cc 
























-71 .6  
N . S .  
2 Fluence t o  F i r s t  F a i l u r e ,  e/cm 15 (a> 3 x 10 12  (b) 7 x 10 15 (c 1 7 x 10 
16 1 x 10 15 1 x 10 16 5 x 10 2 Tota l  Fluence,  e/cm 
NOTE: N.S. = No s t a t i s t i c a l l y  s i g n i f i c a n t  change. 
(a) Decrease i n  maximum output  vo l tage  below k9.5 v o l t s .  
(b) Increase  i n  inpu t  o f f s e t  vo l tage  above 20  m i l l i v o l t s .  
(c) Closed-loop ga in  decreased by 10 percent .  
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TABLE 13 .  COMPARATIVE AVERAGE CHANGES I N  PERCENT FOR 
THE LMlol UNBIASED CIRCUITS 
D e  scr i p t i  on 
Open-Loop Gain (Vcc = *12 V )  
C losed-Loop Gain 
Input Of f se t  Voltage (V 
Input Of f se t  Current 
P o s i t i v e  S a t u r a t i o n  Voltage 
Negative S a t u r a t i o n  Voltage 
Input Bias Current 
Power-Supply Current 
Open-Loop Gain (Vcc = *5 V), 
cc= + 
1.5 MeV 1.0 MeV’ 0.5 MeV 
































16(b) 1 x 10 
1 x 10 
15 (b) >1 x 10 15(a) 5 x 10 
1 x 10 
2 
Fluence t o  F i r s t  F a i l u r e ,  e/cm 
16 16 15 5 x 10 2 Tota l  Fluence, e/cm 
NOTE: N.S. = No s t a t i s t i c a l l y  s i g n i f i c a n t  change. 
(a) Monitoring equipment f a i l e d  dur ing  i r r a d i a t i o n .  
(b )  Closed-loop ga in  decreased 10 percent .  
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gain  of the inpu t  t r a n s i s t o r s  is  charac te r ized  by the la rge  increases  i n  the  
input  b i a s  c u r r e n t .  
i t y  of t r a n s i s  t o r s  operated a t  low cu r ren t s .  
These increases  i n  b i a s  c u r r e n t  emphasize the  vu lne rab i l -  
. -  
3 
a. Nonirradiated 
Horizontal  Scale:  1 V/cm 
Vertical Scale:  5 ~ / c m  
15 b. I r r a d i a t e d  - 5 x 10 
(1.5 MeV) 
Horizontal  Scale:  5 V/cm 
Vertical Scale: 5 V / c m  
FIGURE 23 INPUT-OUTPUT VOLTAGE TRANSFER C-CTERISTIC 
OF TYPICAL LMlQl CIRCUITS 
The decrease i n  the p o s i t i v e  s a t u r a t i o n  vol tage  was found t o  be a 
very abrupt  func t ion  of the  e l e c t r o n  f luence.  The ind ica t ion  is  t h a t  these 
changes are caused by t he  complete f a i l u r e  of a c i r c u i t  element r a t h e r  than 
the gradual  decrease i n  g a i n  of the ampl i f i e r .  Since the negat ive s a t u r a t i o n  
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voltage decreased very l i t t l e ,  degradat ion t o  the l a t e r a l  p-n-p t r a n s i s t o r  of 
the  output  s t age  i s  bel ieved t o  be responsible  f o r  these  abrupt  decreases  i n  
output vo l tage  swing. 
With respec t  t o  the  anomalous changes observed . i n  the  closed-loop 
vol tage  ga in  and o f f s e t  vo l t age ,  a l l  devices  were a f f ec t ed  t o  some degree i n  
the  2 x 1OI2 e/cm2 t o  2 x 
MeV i r r a d i a t i o n s .  The t empera tu re  did no t  vary from roan temperature enough 
f o r  a t t r i b u t i o n  of these observat ions t o  changes i n  temperature.  No model has 
- -  2 e/cm exposure range during both 1.5 and 1.0 
I’ 
been proposed t o  d a t e  t o  exp la in  t h e  behavior of these c i r c u i t s .  An a t t e m p t  
t o  i s o l a t e  the  source of the  problem area i s  not  f e a s i b l e  from the d a t a  avai l -  
a b l e  because of the temporary na ture  of the  observed e f f e c t .  I t  should be 
noted t h a t  t h i s  behavior w a s  not  observed among the  unbiased c i r c u i t s .  
I n  genera l ,  no s t a t i s t i c a l l y  s i g n i f i c a n t  d i f f e rences  were observed 
between the  biased and unbiased samples fo r  the  1.5 and 1 .0  MeV i r r a d i a t i o n s .  
The only except ion was the changes i n  p o s i t i v e  s a t u r a t i o n  vol tage .  The 
s t a t i s t i c a l  ana lys i s  i n d i c a t e s ,  wi th  99 percent confidence,  t h a t  f o r  the pos i -  
t i v e  s a t u r a t i o n  vol tage the re  were s t a t i s t i c a l l y  s i g n i f i c a n t  d i f f e rences  between 
the  biased and unbiased samples f o r  both the 1.5 MeV and 1 .0  MeV. S ign i f i can t  
annealing of the  pos i t i ve  s a t u r a t i o n  vol tage w a s  observed f o r  the biased samples. 
No annealing d a t a  a r e  ava i l ab le  f o r  the  unbiased samples, s ince  the dynamic range 
w a s  not measured i n  s i t u .  
Tables 12 and 13 i n d i c a t e  t h a t  the  changes f o r  the open-loop ga in  and 
the  closed-loop gain a t  0.5 MeV a r e  g r e a t e r  f o r  the  biased c i r c u i t s .  




there  were s t a t i s t i c a l l y  s i g n i f i c a n t  d i f f e rences  between the biased and unbiased 
samples. Damage which i s  more severe under b i a s ,  a s  t h i s  seems t o  be, can of ten  
be co r re l a t ed  wi th  su r face  e f f e c t s .  
The degradat ion of the device parameters was found, t o  increase  with 
15 e l e c t r o n  energy. The changes t o  device parameters were similar a f t e r  5 x 10 
e/cmz a t  1.5 MeV and 1 x e/cm2 a t  1.0 MeV. 
1 x 
bu t  s i g n i f i c a n t  degradat ion of the open-loop ga in  w a s  observed a f t e r  the 0.5 
* * The changes observed a f t e r  
e/cm2 (0.5 MeV) were smaller than those observed a t  the  h igher  energ ies ,  
MeV i r r a d i a t i o n s .  
The implicat ions of these  resu l t s  t o  design engineers  are tha t :  
(1) s t a b l e  operat ion can be expected from these ampl i f ie rs  a t  closed-loop gains  
of a t  l e a s t  100 u n t i l  f a i l u r e  of the output s t age  l i m i t s  operat ion a l t o g e t h e r ,  
(2) decreases  i n  closed-loop gain on the  order of 10 percent should be expected 
a t  r e l a t i v e l y  low exposures (2 x 10' t o  5 x loL4 e/cm ), (3) the  c i r c u i t s  
should be powered during i r r a d i a t i o n ,  ( 4 )  f o r  maximum gain  s t a b i l i t y ,  the high- 
e s t  supply vo l t ages ,  compatible with the mic roc i r cu i t s  and the system, should 
be used, and (5) t he  c i rcu i t s  are more s e n s i t i v e  t o  the  higher  energy 
i r  r ad i a  ti on. 
2 
S igne t i c s  SE501G 
The SE501G i s  a general-purpose direct-coupled , wide-band ampl i f ie r  
wi th  junc t ion  i s o l a t i o n  f ab r i ca t ed  wi th in  a monolithic s i l i c o n  s u b s t r a t e  by 
planar  and e p i t a x i a l  techniques.  The c i r c u i t  i s  designed t o  provide a number 
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of e x t e r n a l l y  va r i ab le  feedback connections for  va r i ab le  vol tage  gain.  A 
nominal vo l tage  ga in  of 50 i s  spec i f i ed  with ga in  s t a b i l i t y  of 22 dB over the  
f u l l  m i l i t a r y  t e m p c r a t u r e  range. 
The p r i m a r y  f a i l u r e  mode of the SE501G c i r c u i t s  under e l e c t r o n  
i r r a d i a t i o n  was the  decrease i n  the  closed-loop vol tage  ga in  below the f a i l u r e  
level.  - .  It w a s  a r b i t r a r i l y  determined t h a t  a 25 percent  decrease i n  c losed-  
loop ga in  would be considered a f a i l u r e .  Another output parameter t h a t  showed 
changes la rge  enough t o  be of engineer ing s ign i f i cance  was the output  dc l eve l .  
Changes i n  the pos i t i ve  and negat ive s a t u r a t i o n  vol tages  and the  i n p u t  dc l eve l  
were not  la rge  enough t o  be of engineer ing s ign i f i cance .  Tables 14 and 15 l i s t  
the  comparative percent  average changes f o r  the biased and unbiased SE501G 
c i r c u i t s .  These changes are given f o r  the  th ree  e l e c t r o n  energies  used i n  the  
i r r a d i a t i o n s .  The r e s u l t s  of t he  measurements made during i r r a d i a t i o n  are 
presented i n  Figures 74 through 81 i n  the "Results" s ec t ion .  Changes i n  t h e  
output  dc l e v e l  and s a t u r a t i o n  vol tages  during the  0.5 MeV i r r a d i a t i o n ,  and 
i n  the s a t u r a t i o n  vol tages  during the 1.5 MeV and 1.0 MeV i r r a d i a t i o n s  were i n -  
s i g n i f i c a n t  and a r e  the re fo re  not  presented.  
The changes i n  the closed-loop ga in  r e f l e c t  the degradat ion of the 
t r a n s i s t o r s .  Since negat ive feedback i s  used, the degradat ion of the t ran-  
s i s t o r s  is  much g r e a t e r  than i s  r e f l e c t e d  by the changes i n  closed-loop ga in .  
The dc opera t ing  po in t  of the  output t r a n s i s t o r  was  a l s o  changed a f t e r  r a d i a t i o n .  
These changes a r e  r e f l e c t e d  i n  the decrease observed i n  the output dc l eve l .  
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TABLE 14. COMPARATIVE AVERAGE CHANGES I N  PERCENT FOR 
THE SE501G BIASED CIRCUITS 
1.5 MeV 1.0 MeV 0.5 MeV 
- Closed-Loop Gain -24.9 -21.1 N.S. 
P o s i t i v e  Sa tu ra t ion  Voltage 
Negative Sa tu ra t ion  Voltage 
-1.74 -2.5 N.S. 
N.S. N.S. N . S .  
Input Leve 1 Voltage -1 .5 -1.2 N . S .  
Output Leve 1 Voltage -10.3 -9.5 N.S. 
Res is tance N.S. N . S .  N.S - 
Leakage Current N.S.  N . S .  N*S - 
a t  IC = 50 ,uA -78.9 -73.1 -50.4 h~~ 
a t  IC = 5 0  @A 'BE 
a t  IC = 10 mA -68.3 -65.2 -24.9 
a t  IC = 10 mA 3.7 3.7 0.5 
h~~ 
'BE 
Gain Ra t io  = @ (10 mA) /@ ( 5 0  PA) 48.4 25.3 N . S .  
16 5 x 10 15 > 1  x 10 15 
15 
2 x 10 
3 x 10 
2 
Fluence t o  F i r s t  Fa i lu re (a ) ,  e/cm 
1 x 1oI6 15 6 x 10 2 Tota l  Fluence,  e/cm 
NOTE: N.S. = No s t a t i s t i c a l l y  s i g n i f i c a n t  change. 
(a) Decrease i n  closed-loop ga in  by 25  percent .  
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TABLE 15. COMPARATIVE AVERAGE CHANGES I N  PERCENT FOR 
THE SE501G UNBIASED CIRCUITS 
Closed-Loop Gain -37.0 -30.9 N.S. 
P o s i t i v e  S a t u r a t i o n  Voltage -3.2 -2.9 N . S .  
Negative S a t u r a t i o n  Voltage 
Input  Level Voltage 
N.S. N.S. N.S. 
-2.3 -2.1 N.S. 
a 
Output Level Voltage -14.2 -12.8 N.S. 
R e s  i s  t anc e N - S  N.S. N.S. 
Leakage Current N-S * N.S. N-S .  
a t  IC = 5 0  v,A -78.7 -75.0 -44 h~~ 
VBE a t  IC = 50 CIA N - S  N.S. N.S. 
hFE a t  IC = 10 mA -70.5 -67.6 -12.7 
VBE a t  IC = 10 mA 4.7 3.9 N.S. 
Gain Rat io  = j3 (10 mA)/@ (50 p A )  32.6 27.3 49.9 
15 >1 x 10 16 
16 15 
5 x 10 
6 x 10 
15 2 x 10 
3 x 10 15 
2 
Fluence t o  F i r s t  F a i l u r e ( a ) ,  e/cm 
1 x 10 T o t a l  Fluence,  e/cm 2 
NOTE: N.S. = No s t a t i s t i c a l l y  s i g n i f i c a n t  change. 
(a) Decrease i n  closed-loop gain by 25 percent.  
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Since these amplif iers  are intended t o  be ac coupled, the changes i n  dc output 
l e v e l  have r e l a t i v e l y  no e f f e c t  on the other  states used i n  a s y s t e m .  But t he  
decrease i n  the dc l eve l  does decrease the maximum output  vol tage (dynamic 
range) of the ampl i f i e r .  Since the  negat ive s a t u r a t i o n  vol tage does not  change 
- dur ing  i r r a d i a t i o n ,  the decreases  i n  the  dc l eve l  vo l tage  are r e f l e c t e d  d i r e c t -  
. -  
l y  as decreases  i n  dynamic range. 
A s  shown i n  Tables 14 and 15, the  changes i n  the unbiased samples 
were more severe than i n  the  biased samples i r r a d i a t e d  with 1.5 and 1.0 MeV 
e l e c t r o n s .  The s t a t i s t i c a l  ana lys i s  i nd ica t e s  a t  the  99 percent confidence 
l e v e l  t h a t  f o r  the vol tage gain,  p o s i t i v e  s a t u r a t i o n  ~ o l t a g e ' ~ ) ,  output  d c  
level,  and inpu t  dc l eve l  t he re  were s t a t i s t i c a l l y  s i g n i f i c a n t  d i f f e rences  
between the biased and unbiased samples .  The above s ta tement  appl ies  t o  the 
c i r c u i t s  i r r a d i a t e d  wi th  the  1.5 and 1.0 MeV e l e c t r o n s .  Only the d i f f e rences  
noted fo r  t he  closed-loop gain are of engineer ing s ign i f i cance .  Since the 
biased c i rcu i t s  were i r r a d i a t e d  wi th  an ac ground a t  the  i n p u t ,  t hese  resu l t s  
i n d i c a t e  t h a t  opera t ion  under i r r a d i a t i o n  can s i g n i f i c a n t l y  reduce the r a d i -  
a t i o n  damage. Although anneal ing w a s  observed between the t i m e  t he  c i r c u i t s  
were i r r a d i a t e d  and post c h a r a c t e r i z a t i o n  measurements were made, the e f f e c t  
was no t  la rge  enough t o  be of engineer ing s ign i f i cance .  
(5) For t h i s  parameter a t  1.5 MeV the confidence l e v e l  i s  95 percent .  
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The degradat ion of the output parameters was found t o  increase  with 
e l e c t r o n  energy f o r  both the  biased and unbiased c i r c u i t s .  As Tables 14 and 
15 i n d i c a t e ,  no s i g n i f i c a n t  changes were observed f o r  the 0.5 MeV i r r a d i a t i o n s .  




during the 1.5 MeV e l e c t r o n  i r r a d i a t i o n  while similar changes were 
2 observed a t  5 x e/cm during the  1.0 MeV i r r a d i a t i o n s .  
i 
I n  add i t ion  t o  the output  parameters of the  ampl i f i e r ,  the cu r ren t  
of the output  emitter fol lower 'BE 9 ga in ,  hFE, and the  base emitter vol tage ,  
t r a n s i s t o r  (Pins 5, 6 ,  and 7)  were charac te r ized .  These t r a n s i s t o r  parameters 
m 
were measured a t  c o l l e c t o r  cu r ren t s  of 50 pA and 10 mA. S i g n i f i c a n t  changes 
BE i n  the h parameter w e r e  noted a t  a l l  energy levels. The changes i n  the V 
parameter were small and not  of engineer ing s ign i f i cance .  It is  i n t e r e s t i n g  
FE 
t o  note t h a t  the  decreases  i n  ga in  are appreciably l a rge r  f o r  the low-current 
measurements ind ica ted  by 'the increases  i n  the ga in  r a t i o .  These r e s u l t s  are 
cons is  t e n t  wi th  bulk damage e f f e c t s  . Thus, t o  minimize the r a d i a t i o n  degrada- 
t i o n ,  the  t r a n s i s  t o r s  should be operated a t  the h ighes t  cu r ren t  l eve l  poss ib le .  
The impl ica t ions  of these  r e s u l t s  t o  des ign  engineers  a re :  (1) t o  
ob ta in  ga in  s t a b i l i t y  during i r r a d i a t i o n ,  the c i r c u i t s  should be operated a t  
the  lowest poss ib le  closed-loop ga in ,  (2) the  c i r c u i t s  should be powered 
under i r r a d i a t i o n ,  (3) the  c i r c u i t s  are more s e n s i t i v e  t o  the  higher  energy 
e l e c t r o n  i r r a d i a t i o n .  I n  add i t ion ,  sane decrease i n  degradat ion can  be 
obtained by opera t ing  t h i s  c i r c u i t  a t  the  l a r g e s t  supply vol tage compatible 
t 
with the mic roc i r cu i t s  and the s y s  t e m .  
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D i g i t a l  C i r c u i t s  
I n t r  oduc t i  on 
The p r i n c i p a l  mode of f a i l u r e  f o r  the d i g i t a l  c i r c u i t s  i s  a t t r i b u t e d  
. t o  degradat ion of the output t r a n s i s t o r .  Decreases i n  t r a n s i s t o r  cu r ren t  gain 
* -  
coupled with increases  i n  t r a n s i s t o r  s a t u r a t i o n  vol tage r e su l t ed  i n  increases  
. i n  the output low voltage of the  ga tes  and f l i p - f l o p s .  These changes were 
accmpanied by decreases  i n  input  d r ive  cu r ren t  and increases  i n  the propaga- 
t i o n  de lay .  Since the primary f a i l u r e  mode f o r  the d i g i t a l  c i r cu i t s  was the 
increase  i n  output low vol tage ,  the  longevity of these c i r c u i t s  under i r r a d i a t i o n  
can be increased by decreasing the fan-out of t he  c i r c u i t s .  The r a d i a t i o n  
response of these c i r c u i t s  i s ,  i n  genera l ,  c o n s i s t e n t  wi th ,  and s imilar  t o  the 
changes observed i n  Phase I and Phase I1 of t h i s  program. 
The f a i l u r e  c r i t e r i o n ,  s imi l a r  t o  t h a t  f o r  the ampl i f ie r  c i r c u i t s ,  
was any parameter exceeding the l i m i t s  spec i f i ed  by the  manufacturer. F a i l u r e  
l i m i t s  were spec i f i ed  i n  t h i s  manner t o  be compatible with the information 
present ly  suppl ied t o  design engineers  by the manufacturers.  
S ummar y 
The LPD’44L9042 ga te s  experienced f i r s t  f a i l u r e  a t  a f luence of 
1.4 x 
Temporary changes i n  the output low vol tage were a l s o  observed. These 
temporary changes were observed during the 0.5 MeV i r r a d i a t i o n  i n  the exposure 
range of 5 x 10 
s i x  of the ten biased samples increased and exceeded f a i l u r e  l e v e l .  Both 
biased and unbiased samples were a f f ec t ed .  
e/cm2 (1.5 MeV) when the  output  low voltage.  exceeded 0.25 v o l t .  
12 2 
e/cm2 t o  2 x e/cm . The output low-level vol tage of 
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The changes i n  the LPD’IpL9040 f l i p - f l o p s  were s imi l a r  t o  those 
observed f o r  the 9042 ga te s .  The temporary anomalous behavior discussed f o r  
the 9042 ga te s  was a l s o  observed f o r  these c i r c u i t s .  
the  output low vol tage were observed a t  a l l  energy l e v e l s .  
occurred a f t e r  an  exposure of 1 x 10l6  e/cm2 (1.5 MeV). 
Permanent changes i n  
The f i r s t  f a i l u r e  
The f i r s t  f a i l u r e  f o r  the  SN54L71 ga tes  occurred a f t e r  an exposure 
2 of 1 . 9  x 10l6 e/cm (1.5 MeV) when the output low vol tage  exceeded 0.30 v o l t .  
These changes were accompanied by increases  i n  the  propagation delay of the a. 
c i r c u i t s .  N o  f a i l u r e s  were recorded a f t e r  an exposure of 1 IC 
any of the th ree  e l e c t r o n  energy l e v e l s .  
e/cm2 a t  
The primary f a i l u r e  mode of the RD310 gates  was the increase  i n  the 
output  low-level vo l tage  beyond 0.45 v o l t .  F i r s t  f a i l u r e  was recorded a f t e r  
an exposure of 5 x 1014 e/cm2 (1.5 MeV). Increases  i n  the input-diode leak- 
age cu r ren t  were a l s o  obse’rved. Changes i n  the other  parameters were small 
and not  of engineer ing s ign i f i cance .  
The RD321 c i r c u i t s  experienced f i r s t  f a i l u r e  a f t e r  an exposure of 
2 
2 x l O I 5  e/cm 
beyond 0.45 v o l t .  The post c h a r a c t e r i z a t i o n  measurements indicated t h a t  an 
a d d i t i o n a l  f a i l u r e  mode was important .  The f l i p - f l o p s  f a i l e d  t o  respond t o  a 
s tandard clock p u l s e ,  i . e . ,  would not change s t a t e ,  a f t e r  i r r a d i a t i o n .  Since 
t h e  c i r c u i t s  were not switched during i r r a d i a t i o n ,  the  f luence required t o  
induce f a i l u r e s  of t h i s  type was not  determined. Changes of engineer ing 
s ign i f i cance  were observed i n  the  clocked input c u r r e n t ,  output h igh- leve l  
vo l tage  and the  input  leakage c u r r e n t .  The changes i n  d r i v e  cu r ren t s  and 
r e s i s t a n c e  were small  and not s i g n i f i c a n t .  
(1 .5  MeV) when the output low-level vol tage had increased 
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F a i r c h i l d  LPDmL904.2 
The LPDmLY042 i s  a junc t ion  i s o l a t e d  DTL d u a l  4- input  NAND/NOR g a t e .  
The c i r c u i t  i s  f ab r i ca t ed  on a s i l i c o n  monoli thic  s u b s t r a t e  using s tandard 
F a i r c h i l d  P lanar  e p i t a x i a l  p rocess .  The c i r cu i t s  a r e  s p e c i f i c a l l y  designed 
" 
f o r  low power, medium speed a p p l i c a t i o n .  The c i r c u i t s  are guaranteed t o  pro- 
v ide  fan-outs  of 10 i n  the  f u l l  m i l i t a r y  temperature range.  Typical  propaga- 
i -  
- t i o n  de lay  and power d i s s i p a t i o n  a r e  60 nanoseconds and l e s s  than 1 m i l l i w a t t ,  
a 
r e s p e c t i v e l y .  
The i r r a d i a t i o n  procedure f o r  the 1.5 MeV i r r a d i a t i o n  was d i f f e r e n t  
than descr ibed  previous ly .  The c i r c u i t s  were i r r a d i a t e d  . t o  approximately 
1 x lox6 e/cm 
were r e i r r a d i a t e d  t o  an  a d d i t i o n a l  1 x e/cm . Thus, the t o t a l  exposure 
was approximately 2 x e/cm a t  1.5 MeV. The 1.0 MeV and 0.5 MeV i r r a d i -  
2 and then  taken out  of t he  test  j i g .  Two days l a t e r  the  c i r c u i t s  
2 
2 
2 a t i o n s  were conducted t o  a t o t a l  exposure of 1 x 10l6 e/cm according t o  the  
ou t l ined  procedure.  
The changes i n  the  output low-level vo l t age ,  VoL, were the  most 
s i g n i f i c a n t  changes observed. During the second 1.5 MeV i r r a d i a t i o n  run  the 
f i r s t  f a i l u r e s  (V exceeded 0.25 v o l t )  were observed a t  a t o t a l  exposure of 
1.4 x e/cm . N o  f a i l u r e s  were observed dur ing  t h e  1 . 0  MeV i r r a d i a t i o n  
OL 
2 
run .  I n  a d d i t i o n  t o  the degrada t ion  of the V parameter, i nc reases  of eng i -  
neer ing  s i g n i f i c a n c e  i n  t h e  propagat ion de lay  (rise) were observed a t  t he  1.5 
OL 
and 1 .0  MeV ene rg ie s .  The changes i n  the  o the r  parameters were not  s u f f i c i e n t l y  
l a rge  t o  be of engineer ing  s i g n i f i c a n c e .  
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During the  0.5 MeV i r r a d i a t i o n  run ,  s i g n i f i c a n t  changes i n  the  V and 




OH level of 5 x 1OI2 e/cm t h e  V parameter began t o  inc rease  whi le  t he  V OL 
13 2 
parameter decreased.  A t  1 x 10 e/cm the  VoL parameter f o r  s i x  of t he  t e n  
b iased  samples had increased  above t h e  f a i l u r e  level. The pulsed devices  a l s o  
2 showed ancxnalous behavior  a t  a n  exposure of 1 x 1013 e/cm . Figure  24 shows t h e  
2 
output  response of two unbiased c i r c u i t s  a t  1 x e / c m  . The outputs  of a l l  
the  biased samples were found t o  be o s c i l l a t i n g  a t  a high frequency. The 
i r r a d i a t i o n  of t h e  devices  w a s  cont inued and, by a n  exposure of 2 x loL4 e/cm , 
a l l  the  devices  (biased and pulsed)  had resumed normal opera t ion .  
63 
2 
Vertical  Sca le :  1 V / c m  
Hor izonta l  Sca le :  2 ys/cm 
FIGURE 24. OUTPUT RESPONSE OF UNBIASED LPDwL9042 
CIRCUITS AT 1 x e/cm2 (0.5 MeV) 
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2 
c i r c u i t s  f a i l e d  and d i d  n o t  r e c o v e r .  I r r a d i a t i o n  was te rmina ted  a t  1 x e/cm . 
A t  an  exposure of 4 x e/cm (0.5 M e V ) ,  Sample 1. of t h e  b i a s e d  
2 
Examination of Sample 1 a f t e r  i r r a d i a t i o n  i n d i c a t e d  development of a r e s i s t i v e  
p a t h ,  between t h e  i n p u t  d i o d e s  and t h e  s u b s t r a t e ,  t h a t  shunted t h e  base  c u r r e n t  
of t h e  o u t p u t  t r a n s i s t o r  t o  ground.  The c i r c u i t  was not  o p e r a t i o n a l  d u r i n g  
p o s t i r r a d i a t i o n  measurements.  This  i s o l a t e d  f a i l u r e  is n o t  b e l i e v e d  t o  b e  c o r -  * +  
- r e l a t e d  t o  t h e  u n s t a b l e  b e h a v i o r  d e s c r i b e d  ea r l i e r .  Except f o r  Sample 1, no 
e n g i n e e r i n g  s i g n i f i c a n t  permanent changes were observed between t h e  p r e / p o s t  
c h a r a c t e r i z a t i o n  d a t a  f o r  t h e  0.5 MeV i r r a d i a t e d  c i r c u i t s .  While some minor 
changes i n  V and p r o p a g a t i o n  d e l a y  ( f a l l )  o c c u r r e d ,  c o n c l u s i o n s  cannot  be 
drawn because of t h e  l a r g e  v a r i a t i o n  w i t h i n  t h e  groupings .  
; 
OL 
Tables  16 and 1 7  l ist  t h e  compara t ive  p e r c e n t  average  changes for t h e  
b i a s e d  and unbiased c i r c u i t s .  These changes a r e  g i v e n  f o r  t h e  t h r e e  e l e c t r o n  
e n e r g i e s  used i n  t h e  i r r a d i a t i o n s .  The r e su l t s  of t h e  measurements made d u r i n g  
i r r a d i a t i o n  a r e  presented  i n  F i g u r e s  83 th rough 90. The r e s u l t s  from t h e  f i r s t  
i r r a d i a t i o n  r u n  a t  1.5 MeV a r e  p r e s e n t e d  i n  F i g u r e  88 w h i l e  F i g u r e  89 r e p r e s e n t s  
r e s u l t s  from t h e  second 1.5 MeV r u n .  The o u t p u t  h i g h - l e v e l  r e s p o n s e  is p r e s e n t e d  
only f o r  t h e  0.5 MeV i r r a d i a t i o n  r u n ,  s i n c e  t h e  observed changes i n  t h i s  param- 
e t e r  f o r  t h e  1.5 and 1.0 MeV i r r a d i a t i o n s  were not  of e n g i n e e r i n g  s i g n i f i c a n c e .  
I n  a d d i t i o n  t o  t h e  r a d i a t i o n - r e s p o n s e  c u r v e s ,  t h e  raw i n  s i t u  d a t a  i s  presented  
i n  t a b u l a r  form f o r  the 0.5 MeV i r r a d i a t i o n  r u n .  
The permanent d e g r a d a t i o n  i n  e l e c t r i c a l  parameters  can  be a t t r i b u t e d  
p r i n c i p a l l y  t o  d e c r e a s e s  i n  t r a n s i s t o r  g a i n .  
by t h e  i n c r e a s e s  i n  t h e  V parameter  and t h e  i n c r e a s e  i n  t h e  r ise t i m e  of t h e  
o u t p u t  t r a n s i s t o r .  No s i g n i f i c a n t  d i f f e r e n c e s ,  a t  t h e  95 p e r c e n t  c o n f i d e n c e  
The d e c r e a s e  i n  g a i n  is exempl i f ied  
OL 
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TABLE 16. COMPARATIVE AVERAGE CHANGES I N  PERCENT FOR 
THE LPDmLgW2 BIASED CIRCUITS 
1.5 MeV 1.0 MeV 0.5 MeV 
O u t p u t  Low Vol t age  2 95 3 6  4 . 9  
Output  High Vol tage  
I n p u t  Low Vol t age  
N . S .  N.S. N.S 
N.S. -1 .6 N.S. 
I n p u t  High V o l t a g e  1.0 -2 .o N . S .  
I n p u t  Drive C u r r e n t  -3.9 -1.7 N.S. 
I n p u t  Leakage C u r r e n t  N.S. N.S. N.S. 
Diode Forward Vo l t age  -1.8 0.8 N.S. 
R e s  i s  t anc e 6 .9  N.S. N.S. 
P r o p a g a t i o n  Delay ( X i s e )  2 14 22 N.S. 
P r o p a g a t i o n  D e l a y  ( F a l l )  -4 .O N.S. 32.8 
12 (b)  5 x 10 
1 x 10 
16 F luence  t o  F i r s t  F a i l u r e ( a ) ,  e/cm2 1.4 x 10 
16 2 x 10 
>1.0 x 10 
16 1 x 10 16 2 T o t a l  F l u e n c e ,  e/cm 
NOTE: N.S. = N o  s t a t i s t i c a l l y  s i g n i f i c a n t  change.  
(a) Output  l ow- leve l  v o l t a g e  exceeds  0.25 v o l t .  
(b) C i r c u i t s  r ecove red  a f t e r  f u r t h e r  i r r a d i a t i o n  (see t e x t ) .  
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TABLE 17 .  COMPARATIVE AVERAGE CHANGES I N  PERCENT FOR 
THE LPDTjLL9042 UNBIASED CIRCUITS 
1.5 MeV 1.0 MeV 0.5 MeV 
Output Low Voltage 
Output High Voltage 
* Input  Low Voltage 
Inpu t  High Voltage 
Input  Drive Curren t  
Inpu t  Leakage Curren t  
Diode Forward Voltage 
Res is tance  
Propagat ion Delay ( R i s e )  ' 
Propagat ion Delay ( F a l l )  












N . S .  















16  Fluence t o  F i r s t  F a i l u r e ( a ) ,  e/cm2 22 x 10 16 >1 x 10 13 (b) 1 x 10 
16 1 x 10 16 1 x 10 16 2 x 10 2 T o t a l  F luence ,  e/cm 
NOTE: N.S. = No s t a t i s t i c a l l y  s i g n i f i c a n t  change. 
(a) Output low-level  vo l t age  exceeds 0.25 v o l t .  
(b) C i r c u i t s  recovered a f t e r  f u r t h e r  i r r a d i a t i o n  (see t ex t ) .  
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l e v e l ,  were observed between the  biased a n d  unbiased tes t  groups.  
c a n t  p o s t i r r a d i a t i o n  annea l ing  was observed i n  e i t h e r  t he  biased or  unbiased 
c i r c u i t s .  
No s i g n i f i -  
With r e fe rence  t o  the anomalous e f f e c t s  observed dur ing  the 0.5 MeV 
i r r a d i a t i o n  of these  c i r c u i t s ,  a l l  devices  were a f f e c t e d  t o  some degree i n  the  
2 5 x 1 O I 2  e/cm2 t o  2 x e/cm exposure range.  The temperature of the devices  
d id  not  vary  from room temperature enough t o  a t t r i b u t e  these observat ions t o  
changes i n  t e m p e r a t u r e .  No model has been proposed t o  d a t e  t o  exp la in  the 
behavior of these  c i r c u i t s  , al though evidence would i n d i c a t e  t h a t  su r f ace  




be overlooked a s  a s i g n i f i c a n t  fact.or i n  a f f e c t i n g  t h i s  behavior .  An a t tempt  
t o  i s o l a t e  the  source  of the  problem area is not  f e a s i b l e  from the d a t a  taken 
because of the temporary na tu re  of t h e  e f f e c t s  observed. 
The permanent degrada t ion  of device  parameters was most severe  f o r  the 
1.5 and 1.0 MeV i r r a d i a t i o n s .  The observed changes i n  the V parameter up t o  OL 
2 
1 x e/cm were not  s i g n i f i c a n t l y  d i f f e r e n t  f o r  the 1.5 and 1.0 MeV i r r a d i -  
a t i o n s .  
The impl i ca t ions  of t hese  r e s u l t s  t o  des ign  engineers  a re :  (1) the  
p o s s i b i l i t y  of f a i l u r e  r e s u l t i n g  from r e l a t i v e l y  low energy e l e c t r o n s  should be 
considered even though the e f f e c t s  seem t o  be temporary i n  n a t u r e ,  (2)  t o  ob ta in  
increased r a d i a t i o n  longev i ty ,  the  fan-out  of the c i r c u i t s  should be decreased,  
and (3) the  c i r c u i t s  are more s e n s i t i v e ,  i n  terms of permanent deg rada t ion ,  t o  
the  h igher  energy e l e c t r o n s .  
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Fa i r c h i  I d  LPDTuL9 @+ 0 
The LPDTGL3040 is  a junc t ion  i s o l a t e d  DTL d i r e c t l y  coupled,  dual-rank 
f l i p - f l o p  t h a t  can  be operated i n  e i t h e r  the R-S or  J-K mode. The c i r c u i t  is 
f a b r i c a t e d  wi th  a s i l i c o n  monol i th ic  s u b s t r a t e  using s tandard  F a i r c h i l d  P lanar  
e p i t a x i a l  process  and i s  s p e c i f i c a l l y  designed f o r  low-parer , medium-speed ~ 
a p p l i c a t i o n .  The c i r c u i t s  are guaranteed t o  provide fan-outs  of 10 i n  the  f u l l  
L m i l i t a r y  temperature range.  Typical  b inary  c lock  ra te  and power d i s s i p a t i o n  
43 
are 2.5 megahertz and less than  4 m i l l i w a t t s  r e s p e c t i v e l y .  
The e f f e c t s  of r a d i a t i o n  exposure on the  LPD’qllL9040 c i r c u i t s  are 
similar t o ,  and c o n s i s t e n t  w i th ,  those observed f o r  t h e  LPDTpL9042 c i r c u i t s .  
were the  most s i g n i f i c a n t  The changes i n  the  output  low-level vo l t ages ,  
changes observed. During the  1.5 MeV i r r a d i a t i o n  the  V parameter f o r  two 
voL 
OL 
. unbiased c i r c u i t s  exceeded the f a i lu re  l e v e l  (0.25 v o l t )  a t  an  e l e c t r o n  f luence  
2 of 1 x 10 l6  e/cm . 
were recorded dur ing  e i t h e r  t h e  1.5 MeV or the 1.0 MeV i r r a d i a t i o n s .  Permanent 
With the  except ion  of these two u n i t s ,  no o ther  f a i l u r e s  
changes i n  the  V parameter were noted a t  a l l  energy l e v e l s .  The changes i n  
the  o the r  parameters were no t  s u f f i c i e n t l y  l a rge  t o  be of engineer ing  s i g n i f i c a n c e .  
OL 
During the  0.5 MeV i r r a d i a t i o n  run s i g n i f i c a n t  changes i n  the V and OL 
2 
parameters were observed. Beginning a t  5 x 1OI2 e/cm the  VoL parameter ‘OH 
began t o  inc rease  s i g n i f i c a n t l y .  Immediately a f t e r  t h e  i r r a d i a t i o n  had been 
13 2 
terminated a t  1 x 10 e/cm , the  VoL parameter of t hese  two c i r c u i t s  was near 
5 v o l t s .  While the  r a d i a t i o n  was o f f ,  recovery i n  the  output  vo l t age  w a s  
observed. 8 The i r r a d i a t i o n  rate w a s  then  reduced t o  1 x 10 e/cm2*s and the  
c i r c u i t s  i r r a d i a t e d  f o r  15 minutes .  No inc reases  i n  t h e  output  vo l t ages  were 
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14 observed. I r r a d i a t i o n  was  t hen  cont inued a t  a n  increased  f l u x .  By 2 x 10 
e/cm 2 all devices  had resumed normal opera t ion .  
13 Only one of t h e  unbiased c i r c u i t s  showed anomalous behavior a t  1 x 10 
2 e / c m  . Figure  25 i s  
t i o n  was observed a t  
I 
OL i nc reases  i n  t h e  V 
observed between the  
a photograph of t he  observed ou tpu t  response.  No o s c i l l a -  Y 
t h e  output  of the  pulsed c i r c u i t s .  Except for s l i g h t  
parameters,  no s t a t i s t i c a l l y  s i g n i f i c a n t  changes were 
pre /pos t  c h a r a c t e r i z a t i o n  d a t a  f o r  t he  0.5 MeV i r r a d i a t e d  
- .  
L 
’$ 
c i r c u i t s .  
V e r t i c a l  Sca le :  1 V / c m  
Hor izonta l  Sca le :  2 p / c m  
FIGURE 25. OUTPUT RESPONSE OF A UNBIASED L P D I ~ L ~ W O  
CIRCUIT AT 1 x id3 e/cn’? (0.5 MeV) 
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TABLE 18. COMPARATIVE AVERAGE CHANGES I N  PERCENT FOR 
THE LPD’QLL9NO BIASED CIRCUITS 
1.5 MeV 1.0 MeV‘ 0.5 MeV 
Output Low Voltage a t  Q 122 26.2 3.1 A -  
* Output LOW Voltage a t  9 
Output High Voltage a t  Q 
Output High Voltage a t  5 
Input  Curren t  (CD) 
Input  Current  (SD) 
Inpu t  C u r r e n t  (CP) 
Leakage Current  (CD) 
Res i s  t ance 
Propagat ion Delay (Rise) 
Propagat ion Delay ( F a l l )  
Minimum Clock Amplitude 
Minimum Voltage a t  C 1  
68.2 22.7 3.1 
N.S. N . S .  N.S. 

















N . S .  
N.S. 
N . S .  
N . S .  
N.S. 
N-S 
N.S .  
N-S 
N * S  
N-S 
16  Fluence t o  F i r s t  F a i l u r e ( a ) ,  e lm2 >1 x 10 16 >1 x 10 1 x 10 13 (b) 
2 T o t a l  Fluence,  e/cm 16 1 x 10 16 1 x 10 16 1 x 10 
NOTE: N . S .  = No s t a t i s t i c a l l y  s i g n i f i c a n t  change. 
(a) Output low vo l t age  exceeds 0.25 v o l t .  
(b) C i r c u i t s  recovered a f t e r  f u r t h e r  i r r a d i a t i o n  (see t e x t ) .  
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TABLE 19.  COMPARATIVE AVERAGE CHANGES I N  PERCENT FOR 
THE LPD’Ip9040 UNBIASED CIRCUITS 
1.5 MeV 1.0 M e V Q  0.5 MeV 
Output  Low V o l t a g e  a t  Q 17 6 3 2 . 5  3 . 3  
Outpu t  LOW V o l t a g e  a t  6 2 10 3 3 . 9  2 .o - 
Output  High Vo l t age  a t  Q N.S. N.S. N.S. 
Output  High Vo l t age  a t  N.S. N.S. N - S  * 
I n p u t  C u r r e n t  (CD) 9.4 2 . 3  N.S * 
I n p u t  C u r r e n t  (SD) 5.1 N.S. N . S .  
I n p u t  C u r r e n t  (CP) 9 . 1  2.4 N*S* 
Leakage C u r r e n t  (CD) 27 N.S. 24.2 
R e s i s t a n c e  1 .7  N.S. N-S 
P r o p a g a t i o n  Delay ( R i s e )  -11.2 N.S N.S. 
P r o p a g a t i o n  Delay ( F a l l )  N.S. N.S. N.S. 
Minimum Clock Amplitude N.S. N.S. N.S. 
Minimum Voltage a t  C 1  N . S .  N . S .  N.S. 
1 x 1 0  16 F luence  t o  F i r s t  F a i l u r e ( a ) ,  e/cm 
2 T o t a l  F l u e n c e ,  e/cm 16 1 x 10 
>1 x l o L 6  
1 x 10 1 6  
12 (b 1 5 x 10 
16 1 x 10 
NOTE: N.S. = N o  s t a t i s t i c a l l y  s i g n i f i c a n t  change .  
(a) Ou tpu t  l o w  v o l t a g e  exceeds  0.25 vo l t .  
h 
a 
(b)  C i r c u i t s  r ecove red  a f t e r  f u r t h e r  i r r a d i a t i o n  (see t e x t ) .  
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Tables 18 and 19 l i s t  t h e  comparative percent  average changes f o r  the 
b iased  and unbiased c i r c u i t s .  These changes are g iven  f o r  t he  three  e l e c t r o n  
ene rg ie s  used i n  the  i r r a d i a t i o n s .  The r e s u l t s  of t h e  measurements made dur ing  
i r r a d i a t i o n  a r e  presented i n  F igures  92 through 98. The output  h igh - l eve l  
response is presented only f o r  t he  0.5 MeV i r r a d i a t i o n  run ,  s i n c e  no changes 
were observed i n  t h i s  parameter dur ing  t h e  1.5 and 1.0 MeV i r r a d i a t i o n s .  I n  
I I -  
- a d d i t i o n  t o  the  r a d i a t i o n  response curves the  raw i n  s i t u  d a t a  i s  presented i n  
1 
4 t a b u l a r  form f o r  the  0.5 MeV i r r a d i a t i o n  run .  
k The permanent degrada t ion  i n  e l e c t r i c a l  parameters can be a t t r i b u t e d  
t o  decreases  i n  t r a n s i s t o r  ga in .  The changes observed were similar t o  those 
recorded f o r  the LPDTpL9042 g a t e s .  The s ta t i s t ica l  a n a l y s i s  i n d i c a t e s  t h a t  
t he re  were no s i g n i f i c a n t  d i f f e r e n c e s  between the  c i r c u i t s  biased i n  one s t a t e  
only and the  unbiased samples. Only s l i g h t  recovery was observed i n  e i t h e r  the  
biased or unbiased samples'. 
The permanent degrada t ion  of device parameters was found t o  inc rease  
wi th  e l e c t r o n  energy f o r  both t h e  biased and unbiased c i r c u i t s .  
a n a l y s i s  i n d i c a t e s ,  wi th  99 percent  confidence,  f o r  permanent changes i n  the  
The s t a t i s t i c a l  
low-level output vo l t ages  a t  Q and Q,  i n p u t  c u r r e n t  a t  SD and CP, and propaga- 
t i o n  de lay  (rise) t h a t  t h e r e  were s t a t i s t i c a l l y  s i g n i f i c a n t  d i f f e rences  between 
t h e  c i r c u i t s  i r r a d i a t e d  a t  1.5, 1.0,  and 0.5 MeV. 
The comments made f o r  t h e  LPDWL9042 c i r c u i t  concerning t h e  anomalous 
behavior  dur ing  t h e  0.5 MeV i r r a d i a t i o n s  and t h e  des ign  s teps  f o r  i nc reas ing  
s u r v i v a l  a b i l i t y  i n  the  r a d i a t i o n  environment are a l s o  app l i cab le  f o r  t h e  
LPD'ipL9040 c i r c u i t s .  
-96- 
Texas Ins  truments SN54L2 0 
The SN54L20 i s  a p-n junc t ion  i s o l a t e d  TTL d u a l  4 - input  NAND g a t e .  
These c i r c u i t s  are f a b r i c a t e d  on a s i n g l e  monol i th ic  s i l i c o n  c h i p  us ing  passi- 
vated e p i t a x i a l  techniques.  The c i r c u i t s  provide a fan-out  of 10 i n  the f u l l  
m i l i t a r y  temperature  range and are intended f o r  u s e  i n  r e l a t i v e l y  high-speed, 
low-power sys  terns. 
33 nanoseconds and 1 m i l l i w a t t ,  r e s p e c t i v e l y .  4 
The t y p i c a l  propagat ion de lay  and power d i s s i p a t i o n  are 
\ 
The i r r a d i a t i o n  procedure f o r  the 1.5 MeV i r r a d i a t i o n  was  d i f f e r e n t  
2 
than t h a t  descr ibed  p rev ious ly .  The c i r c u i t s  were i r r a d i a t e d  t o  1 x e/cm 
and then taken out  of t h e  tes t  j i g .  Two days later the  c i r c u i t s  were r e i r r a d i -  
a t e d  t o  an a d d i t i o n a l  1 x e/cm . Thus, t h e  t o t a l  exposure w a s  2 x 10 
e/cm a t  1.5 MeV. The 1.0 MeV and the  0.5 MeV i r r a d i a t i o n s  were conducted t o  
a t o t a l  exposure of 1 x 
2 16 
2 
2 e/cm accord ing  t o  the ou t l ined  procedure.  
were t h e  most "OL The changes i n  the  output  low- l eve  1 v o l t a g e ,  
s i g n i f i c a n t  changes observed. During t h e  second 1 .5  MeV i r r a d i a t i o n  run  the  
f i r s t  f a i l u r e s  (VoL exceeded 0.30 v o l t )  were observed a t  a t o t a l  exposure of 
1.9 x e/cm . No f a i l u r e s  were observed du r ing  t h e  0.5 o r  1.0 MeV i r r a d i -  2 
a t i o n  r u n s .  
I n  a d d i t i o n  t o  the  deg rada t ion  of t he  V parameter ,  i nc reases  of OL 
engineer ing  s i g n i f i c a n c e  were observed i n  t he  propagat ion  d e l a y  ( r i s e )  a t  t he  
1.5, 1.0, and 0.5 MeV e l e c t r o n  ene rg ie s  and t h e  propagat ion de lay  ( f a l l )  a t  t he  
1 .5  MeV energy.  No changes of engineer ing  s i g n i f i c a n c e  were observed i n  t h e  
o the r  parameters. Tables 20  and 2 1  l i s t  t h e  comparative percent  average changes 
f o r  t he  biased and unbiased SN54L2O c i r c u i t s .  Changes are given f o r  t he  th ree  
e l e c t r o n  ene rg ie s  used  i n  t h e  i r r a d i a t i o n s .  The r e s u l t s  of the  measurements 
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TABLE 20. COMPARATIVE AVERAGE CHANGES I N  PERCENT FOR 
THE SN54L20 BIASED CIRCUITS 
Energy 1.5 MeV 1.0 MeV 0.5 MeV 
Output Low Voltage 
)I Output High Voltage 
&: 
Input  Low Voltage 
Input  High Voltage 
2 13 89.6 20.6 
N.S  N.S. N . S .  
-3.6 N . S .  -2.4 
-5.3 8 . S .  -3.2 
Input  Drive Current  -10.5 -9.9 -7.2 
Input  Leakage Curren t  N.S. N.S. N.S. 
Propagat ion Delay (Rise) 105 69.8 36.6 
Propagat ion Delay ( F a l l )  61 N.S - N.S. 
Power-Supply Curren t  (One) - 10 N . S .  N.S* 




>1 x 10 
1 x 10 
16 
16 
1.9 x 10 l6 >1 x 10 
1 x 10 
2 Fluence t o  F i r s t  F a i l u r e ( a ) ,  e/cm 
16 2 x 10 2 T o t a l  Fluence,  e / c m  
NOTE: M.S. = No s t a t i s t i c a l l y  s i g n i f i c a n t  change. 
(c) Output low-level  vo l t age  exceeds 0,30 v o l t .  
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TABLE 21 .  COMPARATIVE AVEMGE CHANGES I N  PERCENT FOR 
THE SN54L20 UNBIASED CIRCUITS 
1.5 MeV 1.0 MeV 0.5 MeV - .  
Output  Low V o l t a g e  455 87.6 14 .6 
Output High V o l t a g e  
I n p u t  Low V o l t a g e  
I n p u t  High Vo l t age  
I n p u t  Drive C u r r e n t  
I n p u t  Leakage C u r r e n t  
P r o p a g a t i o n  Delay (Rise) 
N.S. N.S. N.S. 
N.S. -2.9 N.S. 
-4.4 -4.5 3.4 
-8 .13 N.S. N.S. 
N.S. N.S. N.S. 
13 1 82 .9  N.S. 
P r o p a g a t i o n  Delay ( F a l l )  4 6 . 9  N.S. N . S .  
Power-Supply C u r r e n t  (One) -8.6 -6.5 N.S. 
Power -Supply C u r r e n t  (Zero) -8.6 -6.3 N.S - 
1.5 x 10 >1 x l 0 l 6  >1 x 2 F l u e n c e  t o  F i r s t  F a i l u r e ( a ) ,  e/cm 
16 1 x 10 16 1 x 10 16  2 x 10 2 T o t a l  F l u e n c e ,  e/cm 
NOTE: N . S .  = N o  s t a t i s t i c a l l y  s i g n i f i c a n t  change.  
(a) Output  low v o l t a g e  exceeds 0.30 v o l t .  
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made dur ing  i r r a d i a t i o n  are presented i n  F igures  100 through 106 i n  the  "Results" 
- s e c t i o n .  Only the output  low-level response i s  presented ,  s i n c e  no changes of 
engineer ing  s i g n i f i c a n c e  were observed i n  the  output  h igh - l eve l  vo l t age .  
The observed degrada t ion  of the  V parameter may be a t t r i b u t e d  t o  or, 
decreases  i n  t r a n s i s t o r  gain and inc reases  i n  the r parameter.  Since the  s a t  
d r i v e  t o  the  ga in  s t ages  of t he  g a t e  c i r c u i t s  remains r g l a t i v e l y  cons t an t  dur ing  
i r r a d i a t i o n ,  the  amount of c u r r e n t  t he  g a t e  can s i n k  i s  roughly p 
2 
the square of the t r a n s i s t o r  c u r r e n t  ga in  (8 ). This conclus ion  i s  re inforced  
by t h e  c i r c u i t  propagation de lay  inc reases  and by the  e f f e c t s  of changes i n  fan-  
out on a t y p i c a l  c i r c u i t  vo l t age  t r a n s f e r  c h a r a c t e r i s  t i c .  Figu eS Z6a and 26b 
a r e  double-exposure photographs comparing t h e  input-output  vo l t age  t r a n s f e r  
c h a r a c t e r i s t i c s  of t y p i c a l  i r r a d i a t e d  and noni r rad ia ted  c i r c u i t s  (n 
c i r c u i t ) .  
fan-out  of one load.  F igdre  26b i l l u s t r a t e s  t h e  e f f e c t s  of a fan-out  of ten  on 
the  same c i r c u i t s .  A s  may be seen  i n  the photographs, the c i r c u i t s  with a fan-  
out  of one .a re  opera t ing  normally while  a t  a fan-out  of ten ,  a s i g n i f i c a n t  
The c i r c u i t s  whose waveforms appear i n  Figure. 26a had an equiva len t  
i nc rease  i n  V i s  apparent .  OL 
Refer r ing  t o  Tables 20  and 2 1  the change i n  the  unbiased c i r c u i t s  were,  
i n  gene ra l ,  similar t o  those observed i n  the biased c i r c u i t s .  However, s t a t i s t i -  
c a l l y  s i g n i f i c a n t  d i f f e r e n c e s  (a t  t h e  95 percent  confidence l e v e l )  i n  output  low- 
level vo l t age ,  d r i v e  c u r r e n t  and log ic  one power-supply c u r r e n t  were observed 
between the  1.5 MeV biased and unbiased. groups.  Only the  changes i n  the  output  
low-level vo l tage  a r e  considered t o  be of engineer ing  s i g n i f i c a n c e .  The percent  
change i n  V w a s  a f a c t o r  of two g r e a t e r  i n  t h e  1.5 MeV unbiased group as com- 
pared t o  the biased group. These d a t a  suggest  t h a t  annea l ing  of r a d i a t i o n  damage 
OL 
may occur i n  those c i r c u i t s  t h a t  a r e  biased dur ing  r a d i a t i o n .  
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a.  Fan-out = 1 b .  Fan-out = 10 
Ver t i ca l  Scale: 1 V / C ~  
Hortzontal Scale: 0.2 V/cm 
. 
FIGURE 2 6. VOLTAGE TRANSFER CHARACTERISTICS 
OF TYPICAL SN54L20 CIRCUITS 
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The parameter deg rada t ion  appeared t o  be a n  inc reas ing  func t ion  of t h e  
e l e c t r o n  energy f o r  both t h e  biased and unbiased group. 
were greater f o r  t h e  1.5 and 1.0 MeV groups than  f o r  the  0.5 MeV group. The 
observed i n c r e a s e s  i n  the output  low vo l t age  up t o  1 x e/cm were similar 
The changes observed 
2 
f o r  t he  1.5 MeV and 1.0 MeV i r r a d i a t i o n s .  
c -  
The i m p l i c a t i o n s  of t hese  results t o  des ign  engineers  a r e :  (1) t o  
- o b t a i n  increased  r a d i a t i o n  longev i ty ,  t h e  fan-out  of t h e  c i r c u i t s  should be 
decreased ,  (2) t h e  c i r c u i t s  should be powered du r ing  exposure,  and (3 )  t h e  
c i r c u i t s  appear t o  be more s e n s i t i v e  t o  the. h igher  energy e l e c t r o n  i r r a d i a t i o n s .  ' 
Texas Instruments  SN54L71 
The SN54L71 i s  a j u n c t i o n  i s o l a t e d  TTL, RS master -s lave  f l i p - f l o p .  
The c i r c u i t s  are intended f o r  low-power and re la t ively high-speed a p p l i c a t i o n s .  
The c i r c u i t s  a r e  designed ' t o  provide a fan-out  of 10 i n  the  f u l l  m i l i t a r y  
temperature  range .  
and 3 .8  m i l l i w a t t s  , r e s p e c t i v e l y .  
Typica l  c lock  ra te  and power d i s s i p a t i o n  are 3 megahertz 
N o  c i r c u i t  f a i l u r e s  were observed du r ing  i r r a d i a t i o n .  However, 
changes of engineer ing  s i g n i f i c a n c e  d id  occur i n  the  output  low-level  vo l t age  
a t  Q ,  Q ,  and the propagat ion d e l a y .  The changes i n  t h e  i n p u t ,  leakage,  and 
power-supply c u r r e n t s  were small and n o t  of engineer ing  s i g n i f i c a n c e .  Tables 
22 and 23 l i s t  the comparative percent  average changes fo r  t he  b iased  and 
unbiased SN54L71 c i r c u i t s .  The r e s u l t s .  of measurements made du r ing  i r r a d i a t i o n  
are presented i n  F igu res  108 through 114 i n  t h e  "Results" s e c t i o n .  The output  
h igh - l eve l  response i s  presented only f o r  t he  1.5 MeV i r r a d i a t i o n  range s i n c e  
the  observed changes were not  of engineer ing  s i g n i f i c a n c e  a t  t he  o the r  e l e c t r o n  
e n e r g i e s .  
- 
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TABLE 22. COMPARATIVE AVERAGE CHANGES I N  PERCENT FOR 
THE BIASED SN54L71 CIRCUITS 
Desc r ip t ion  Energy 1.5 MeV 1.0 MeV 0.5 MeV 
Output Low Voltage a t  Q 
Output LOW Voltage a t  
Output High Voltage a t  Q 














N.S. -4.4 -3 .l 
Input  Curren t  a t  P r e s e t  3 .7  N . S .  -1.9 
1 Input  Curren t  a t  R 
Leakage Curren t  a t  R1 -50.6 
Leakage Curren t  a t  P r e s e t  NeS - 
N.S. N.S. 
N.S. N . S .  
Resis tance  N-S N.S. N.S. 
Propagat ion Delay (Rise) 
Propagat ion Delay ( F a l l )  
Power -S up p 1 y Cur r e n t 
20.8 23.2 12 . 1 
47.7 34.5 32.2 
-7.01 -5.6 -3.69 
16 
16 1 x 10 16 
Fluence t o  F i r s t  F a i l u r e ( a ) ,  e/cm >1 x 10 >1 x 1 0 l 6  >1 x 10 16 
16 1 x 10 1 x 10 2 T o t a l  F luence ,  e/cm 
NOTE: 
(a) O u t p u t  low-level vo l t age  exceeds 0.3 v o l t .  
N.S. = No s t a t i s t i c a l l y  s i g n i f i c a n t  change. 
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TABLE 23. COMPARATIVE AVERAGE CHANGES I N  PERCENT FOR 
THE UNBIASED SN54L71 CIRCUITS 
Des c ri  p t i on Energy 1.5 MeV 1.0 MeV 0.5 MeV 
r -  
o u t p u t  
" ou tpu t  
*; o u t p u t  
i 
o u t p u t  
Low Voltage a t  Q 
LOW Voltage a t  5 
High Voltage a t  Q 
High Voltage a t  6 
1 Input  Current  a t  R 
Inpu t  Curren t  a t  P r e s e t  
1 Leakage Curren t  a t  R 
Leakage Curren t  a t  P r e s e t  
Res i s t anc e 
Propagat ion Delay ( R i s e )  
94 .O 5 9 . 0  
96 .7  61.7 
N.S. N.S. 
N*S - N.S. 
17.2 
16 .7  
N.S. 
N.S.  
- 3 . 7 8  N.S. - 3 . 9  
5 8 . 7  2 2 . 8  N . S .  
-54 .4  -46 .2  W.S. 
N.S. N.S. N .s. 
N.S. N.S. N.S 
3 5 . 3  2 9 . 7  1 0 . 8  
Propagat ion Delay ( F a l l )  3 1 . 3  33.2 22.7 
Power-Supply Curren t  -5.9 - 4 . 8  - 3 . 7  
16 
16 
>1 x 10 
1 x 10 
16 
16 
>1 x 10 
1 x 10 
16 
16 
Fluence t o  F i r s t  F a i l u r e ( a ) ,  e/cm * >1 x 10 
1 x 10 2 T o t a l  Fluence,  e/cm 
NOTE: N.S. = No s t a t i s t i c a l l y  s i g n i f i c a n t  change. 
(a) O u t p u t  low-level  vo l t age  exceeds 0.3 v o l t .  
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Table 22 shows t h a t  t h e  degrada t ion  of output  low-level vo l tage  was 
not  symmetric f o r  the  biased c i r c u i t s .  The changes i n  the  output  low-level 
vo l tage  a t  Q were l a r g e r  f o r  a l l  t h r e e  e l e c t r o n  e n e r g i e s .  It is t o  be noted 
t h a t  t he  c i r c u i t s  were maintained i n  one s ta te ,  i . e . ,  Q was bigh  and Q w a s  low 
- 
dur ing  i r r a d i a t i o n .  These r e s u l t s  i n d i c a t e  t h a t  less severe  degrada t ion  
occurred i n  the more heav i ly  conduct ing < s i d e  of the f l i p - f l o p .  These changes 
i n  the  output  low vol tage  a r e  c h a r a c t e r i s t i c  of decreases  i n  the  output-  
t r a n s i s t o r  c u r r e n t  ga in .  The inc reases  i n  the  propagation d e l a y  a l s o  r e f l e c t  
t h e  decrease  i n  t r a n s i s t o r  c u r r e n t  ga in .  The decrease  i n  the  leakage cu r ren t  
a t  the  preset te rmina l  r e s u l t  from decreases  i n  the  i n v e r s e  c u r r e n t  ga in  of the  
inpu t  t r a n s i s  t o r .  
One c i r c u i t ,  No. 4 ,  of the  0.5 MeV group, f a i l e d  t o  opera te  when post-  
i r r a d i a t i o n  measurements were made. The s ta te  of t he  c i r c u i t  could no t  be changed 
wi th  e i t h e r  a c lock  pulse  or  dc vo l t age  a t  the set  te rmina l .  I n v e s t i g a t i o n  
revealed a s h o r t  c i r c u i t  between the  p r e s e t  t e rmina l  and c i r c u i t  common. The 
exposure a t  which f a i l u r e  occurred could not be determined s i n c e  the  c i r c u i t s  
were n o t  switched dur ing  i r r a d i a t i o n .  
It i s  i n t e r e s t i n g  t o  observe i n  Tables 22 and 23 t h a t  d i f f e r e n c e s  of 
- 
s t a t i s t i ca l  and engineer ing  s i g n i f i c a n c e  ex i s t ed  between t h e  Q law-level-vol tage 
parameters f o r  the  biased and unbiased groups.  
of r a d i a t i o n ,  on the  heavi ly  conducting Q V parameter,  were less severe  f o r  
t he  biased group. This  f a c t  s t r eng thens  the  con ten t ion  t h a t  t he  a p p l i c a t i o n  of 
It may be seen t h a t  t he  e f f e c t s ,  
- 
OL 
b i a s  tends t o  reduce the  d e l e t e r i o u s  e f f e c t s  of r a d i a t i o n .  
The changes i n  output  parameters appeared t o  be energy dependent and 
were observed t o  be p rogres s ive ly  g r e a t e r  wi th  increased  e l e c t r o n  energy. 
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The impl i ca t ions  of t hese  resu l t s  t o  des ign  engineers  are:  (1) t o  
o b t a i n  increased r a d i a t i o n  longevi ty ,  t he  fan-out  of the c i r c u i t s  should be 
decreased ,  (2)  the c i r c u i t s  should be powered dur ing  exposure,  and ( 3 )  the  
c i r c u i t s  appear t o  be more s e n s i t i v e  t o  the  higher  energy e l e c t r o n  i r r a d i a t i o n s .  
- Radia t ion  Incorporated RD310 
The RD310 i s  a d i e l e c t r i c a l l y  i s o l a t e d  DTL d u a l  4- input  NAND/NOR g a t e .  
' This c i r c u i t  i s  f a b r i c a t e d  on a s i n g l e  monoli thic  s i l i c o n  c h i p  us ing  pass iva ted  
e p i t a x i a l  techniques and i s  intended f o r  use i n  high-speed low-power systems. 
The c i r c u i t s  are designed t o  provide fan-outs  of 5 i n  the f u l l  m i l i t a r y  tempera- 
t u r e  range.  
and 10 m i l l i w a t t s ,  r e s p e c t i v e l y .  
Typical  propagat ion de lay  and power d i s s i p a t i o n  are 7 nanoseconds 
The primary f a i l u r e  mode of the RD310 c i r c u i t s  under e l e c t r o n  i r r a d i -  
a t i o n  was the  inc rease  i n  ' the output low-level vo l tage  beyond the  s p e c i f i e d  
l i m i t  of 0.45 v o l t .  F igure  27 shows the  input-output-vol tage t r a n s f e r  cha rac t e r -  
i s t ics  of a t y p i c a l  i r r a d i a t e d  and noni r rad ia ted  RD310 c i r c u i t  (not the  same 
c i r c u i t )  photographed s imultaneously.  Figure 27a i s  a t  fan-out  of 1 and 
Figure  27b i s  a t  fan-out  of 5 .  The i r r a d i a t e d  sample has the  lower inpu t  t h r e s -  
hold i n  both photographs. These photographs i n d i c a t e  t h a t  t he re  i s  r e l a t i v e l y  
no d i f f e r e n c e  between the  i r r a d i a t e d  and c o n t r o l  samples a t  fan-out of 1 whereas 
a t  fan-out  of 5 the d i f f e r e n c e s  i n  vo l t age  ga in  and V vo l tage  a r e  obvious. 
Another parameter which showed changes l a rge  enough t o  be of engineer ing  s i g n i f i -  
cance w a s  the  input  diode leakage c u r r e n t .  Changes i n  the  remaining parameters, 
s p e c i f i c a l l y  the  o u t p u t  h igh - l eve l  vo l t age ,  were small and not  of engineer ing  
s i g n i f i c a n c e .  Tables 24 and 25 l i s t  t he  comparative percent  average changes 
OL 
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TABLE 2 4 .  COMPARATIVE AVERAGE CHANGES I N  PERCENT FOR 
THE RD310 BIASED CIRCUITS 
Outpu t  Low Vol t age  
Output  High Vo l t age  
I n p u t  Low Vol t age  
I n p u t  High Vo l t age  
I n p u t  Drive C u r r e n t  
I n p u t  Leakage C u r r e n t  
Diode Forward Vo l t age  
175 








-4.9 -5.2 -3 .O 
-1.3 -2 .o -2 .o 
46 27 
1 .6  1.7 
N . S .  
.60 
Res i s t a n c  e N.S. N . S .  N.S.  
P r o p a g a t i o n  Delay (Rise)  







15 >1 x 10 16 
16 15 
2 x 10 
3 x 10 
14 
15 
Fluence  t o  F i r s t  F a i l u r e ( a ) ,  e/cm * 5 x 1 0  
1 x 10 1 x 10 2 T o t a l  F l u e n c e ,  e/cm 
NOTE: N.S. = No s t a t i s t i c a l l y  s i g n i f i c a n t  change.  
(a) Output  l ow- leve l  v o l t a g e  exceeds  0.45 v o l t .  
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TABLE 25. COMPARATIVE AVERAGE CHANGES I N  PERCENT FOR 
THE RD310 UNBIASED CIRCUITS 
1.5 MeV 1.0 MeV 0.5 MeV 
Output Low Voltage 62 3 434 3 1  
Output High Voltage N.S. N.S. 
Input  Low Voltage -4 '8 -3.2 
Input  High Voltage -4.9 -4.6 -3.9 
Input  Drive Curren t  
Input  Leakage Current  
Diode Forward Voltage 
R e s  i s  t anc e 
Propagat ion Delay (Rise) 












N . S .  N.S. 
16 >1 x 10 15 1 x 10 14 Fluence t o  F i r s t  F a i l u r e ( a ) ,  e/cm 5 x 1 0  
15 1 x 10 16 15 3 x 10 1 x 10 2 Tota l  Fluence,  e/cm 
NOTE: N.S. = No s t a t i s t i c a l l y  s i g n i f i c a n t  change. 
(a) Output low-level vo l t age  exceeds 0.45 v o l t .  
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a .  Fan-out = 1 Fan-out = 5 
V e r t i c a l  Scale:  1 V/cm 
Horizontal  Scale:  0.2 V/cm 
FIGURE 2 7. INPUT-OUTPUT-VOLTAGE TRANSFER CHARACTERISTIC 
OF TYPICAL RD310 CIRCUITS 
f o r  the biased and unbiased RD310 c i r c u i t s .  Changes a r e  given f o r  the three  
e l ec t ron  energies  used i n  the  i r r a d i a t i o n s .  The r e s u l t s  of t h e  measurements 
made dur ing  i r r a d i a t i o n  are presented i n  Figures  116 through 121 i n  the  "Results" 
sec t ion .  Only the output  law-level response i s  presented, s ince  no changes of 
engineer ing s ign i f i cance  were observed i n  the  output high-level  vol tage.  Refer- 
r i n g  t o  Figure 116 the  anomalous change i n  the  output  law-level response a t  
2 
1 x 1OI2 e/cm i s  small  (0.015 v o l t )  and cannot be a t t r i b u t e d  t o  a s p e c i f i c  
mechanism. 
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The observed degrada t ion  i n  the V parameter can  be a t t r i b u t e d  t o  
OL 
decreases  i n  t r a n s i s t o r  ga in  and inc reases  i n  the  r parameter.  Since the  
base c u r r e n t  of the ga t e  remains r e l a t i v e l y  cons t an t  dur ing  r a d i a t i o n ,  the 
s a t  
amount of c u r r e n t  t h a t  the g a t e  can  s i n k  is  p ropor t iona l  t o  the  c u r r e n t  ga in .  
- Rough c a l c u l a t i o n s  i n d i c a t e  t h a t  approximately a f a c t o r  of 2 decrease  i n  ga in  
was requi red  t o  inc rease  the  V vo l t age  t o  t h e  f a i l u r e  l e v e l  (0.45 v o l t ) .  
- -  
OL 
Tables 24 and 25 i n d i c a t e  t h a t  the changes i n  the  unbiased c i r c u i t s  
* 
were more severe  than i n  t h e  biased c i r c u i t s  a t  a l l  energy l e v e l s .  The s ta t i s -  
t i c a l  a n a l y s i s  i n d i c a t e s  ) wi th  99 percent  conf idence)  t h a t  for  the parameters 
of output  law-level  vo l tage  , diode forward vol tage  , and input  leakage c u r r e n t  
t h e r e  were s t a t i s t i c a l l y  s i g n i f i c a n t  d i f f e r e n c e s  between the biased and unbiased 
samples f o r  the  1.5 MeV i r r a d i a t i o n s .  With 95 percent  confidence,  fo r  the  
parameters of output  low-level vo l t age  and diode forward vol tage  t h e r e  were 
s t a t i s  t i c a l l y  s i g n i f i c a n t  ' d i f f e rences  between the biased and unbiased samples 
f o r  t he  1.0 MeV i r r a d i a t i o n s .  A l s o ,  w i t h  a 95 percent  confidence,  f o r  the  
parameter of i n p u t  leakage c u r r e n t ,  t h e r e  were s t a t i s t i c a l l y  s i g n i f i c a n t  d i f -  
fe rences  between the  biased and unbiased samples  f o r  the  0.5 MeV i r r a d i a t i o n s .  
It should be pointed out  t h a t  the biased c i r c u i t s  were i r r a d i a t e d  wi th  the  out-  
pu t  t r a n s i s t o r  turned o f f .  These r e s u l t s  i n d i c a t e  t h a t  opera t ion  can  cause 
s i g n i f i c a n t  annea l ing  of radiat ion-induced damage. This conclus ion  i s  enforced 
by t h e  r e s u l t s  of the  dc opera t ion  and measurement of the  V parameter made 
immediately a f t e r  t h e  r a d i a t i o n  exposure was terminated.  The dc measurements 
OL 
were s i g n i f i c a n t l y  lower than the  pulsed measurements. For example, the  pulsed 
measurements a f t e r  3 x e/cm2 (1.0 MeV) i nd ica t ed  an average V = 1.9 v o l t s  OL 
while  dc measurements, a t  approximately the same t i m e ,  r e s u l t e d  i n  an average 
= 1.1 v o l t s .  voL 
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The degrada t ion  of device  parameters r e s u l t i n g  from i r r a d i a t i o n  was 
found t o  inc rease  wi th  e l e c t r o n  energy.  S i g n i f i c a n t  degrada t ion  was observed 
a t  5 x e/cm f o r  the  1.5 MeV e l e c t r o n s ,  while  similar changes were 
observed a t  1 x e/cm a t  the 1.0 MeV e l e c t r o n  i r r a d i a t i o n s .  Changes i n  




- .  
resu l t s  may be roughly compared t o  Phase 11's RD210 c i r c u i t  (similar t o  RD310) (6) 
i r r a d i a t e d  wi th  3 . 0  MeV e l e c t r o n s .  The RD210 showed s i g n i f i c a n t  changes i n  the 
VoL parameter a t  an  e l e c t r o n  f luence  of 4.15 x 1014 e/cm . 2 * 
The impl i ca t ions  of these  r e s u l t s  t o  des ign  engineers  are: (1) t o  
o b t a i n  increased  r a d i a t i o n  longevi ty ,  the fan-out of t he  c i r c u i t s  should be 
decreased ,  (2)  t he  c i r c u i t s  should be powered under i r r a d i a t i o n ,  and (3)  t he  
c i r cu i t s  are more s e n s i t i v e  t o  the h igher -energy-e lec t ron  i r r a d i a t i o n s .  To 
t a k e  advantage of the  a d d i t i o n a l  base d r i v e ,  t h e  c i r c u i t s  should be operated 
a t  the  l a r g e s t  supply vo l t age  compatible wi th  the  m i c r o c i r c u i t s  and the  system. 
Rad i a  t i on Lnc orpora t ed RD32 1 
The RD321 is  a d i e l e c t r i c a l l y  i s o l a t e d ,  dual-pulse  t r i gge red  b inary .  
This c i r c u i t  i s  a member of the 300 S e r i e s  DTL c i r cu i t s  f ab r i ca t ed  using p a s s i -  
vated e p i t a x i a l  techniques and i s  intended f o r  u s e  i n  high-speed low-power 
systems. The c i r c u i t s  a r e  designed t o  provide a fan-out  of 5 i n  the f u l l  
m i l i t a r y  t e m p e r a t u r e  range.  The c i r c u i t  w i l l  ope ra t e  a s  a b inary  counter  a t  
speeds i n  excess  of 20  MHz and t y p i c a l  power d i s s i p a t i o n  i s  24 m i l l i w a t t s .  
( 6 )  The RD210 e s s e n t i a l l y  has more g a i n  i n  the  output  t r a n s i s t o r  and can d r i v e  
a l a r g e r  fan-out .  The comparison here  i s  c a r r i e d  out a t  f u l l  fan-out  f o r  
both device  types and hence i t  would r e q u i r e  e s s e n t i a l l y  the  same percent -  
age decrease  i n  ga in  of t he  output  t r a n s i s t o r  t o  achieve the def ined f a i l -  
ure  threshold  f o r  the low-level output  vo l t age .  
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The primary f a i l u r e  modes of t h e  RD321 f l i p - f l o p s  were the  inc reases  
observed i n  the  output  low-level vo l t age  beyond the s p e c i f i e d  l i m i t  of 0.45 
v o l t  and the  f a i l u r e  of the c i r c u i t s  t o  respond t o  a s tandard  c lock  p u l s e  
(4.5 v o l t s ,  1 MHz, a 5 Usec p u l s e  wid th) ,  i .e . ,  would not  chgnge s t a t e .  
- Changes of engineer ing  s i g n i f i c a n c e  were a l s o  observed i n  the output  h igh - l eve l  
vo l t age ,  the clocked input  c u r r e n t ,  and the inpu t  leakage c u r r e n t .  The changes 
i n  r e s i s t a n c e  and the d r i v e  c u r r e n t s  were small and not  of engineer ing s i g n i f i -  
- -  
- 
* cance. Tables 26 and 27  l ist  the  comparative changes a s  a percent  average 
change f o r  the biased and unbiased RD310 c i r c u i t s .  These changes a r e  g iven  
f o r  the  three  e l e c t r o n  energ ies  used i n  the i r r a d i a t i o n s .  The r e s u l t s  of the  
measurements made dur ing  i r r a d i a t i o n  a r e  presented i n  F igures  123 through 129 
i n  the  "Results" s e c t i o n .  The output  h igh - l eve l  response is presented only 
f o r  the 1.5 MeV i r r a d i a t i o n  run  s i n c e  the observed changes were no t  of engi -  
neer ing  s i g n i f i c a n c e  f o r  t 'h is  parameter a t  the o ther  e l e c t r o n  ene rg ie s .  
Note i n  Table 2 6  t h a t  t h e  degrada t ion  of t h e  f l i p - f l o p s  was not  
symmetric f o r  the biased c i r c u i t s .  That i s ,  the  changes i n  the  output  low- 
l e v e l  vo l tage  a t  t he  < t e rmina l  were apprec iab ly  l a r g e r  than a t  t he  Q t e rmina l .  
I n  f a c t ,  the  degrada t ion  of one s i d e  of the  f l i p - f l o p s  which were i r r a d i a t e d  
wi th  1.0 and 1.5 MeV e l e c t r o n s  w a s  s o  severe  t h a t  the  c i r c u i t s ,  when c ross  
coupled and c locked ,  would not change s t a t e .  The s t a t e  of t he  f l i p - f l o p  could 
be changed, however, by inc reas ing  Vcc or  by applying the proper dc vol tages  
d i r e c t l y  on the clocked i n p u t .  Since the  c i r c u i t s  were maintained i n  one s t a t e  
du r ing  the t o t a l  r a d i a t i o n  exposure,  these  change-of -s ta te  f a i l u r e s  were not 
observed u n t i l  pos t  c h a r a c t e r i z a t i o n  da ta  were obta ined .  For t h i s  reason the 
c r i t i c a l  f luence  f o r  change-of-s ta te  f a i l u r e s  w a s  not determined. The da t a  
a l s o  i n d i c a t e  t h a t  t he re  were cases  where the  output low-voltage l e v e l s  had 
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TABLE 26. COMPARATIVE AVERAGE CHANGES I N  PERCEEJT FOR 
THE RD321 BIASED CIRCUITS 
Desc r ip t ion  Energy 1.5 MeV 1.0 MeV 0 . 5  MeV 
r .  
Output Low Voltage a t  Q 
Output LOW Voltage a t  










Output High Voltage a t  6 N.S. N.S. N.S * 
Inpu t  Curren t  (RC) N.S. N . S .  N.S. 
Input  Curren t  (RD) -4 -4 -2 
Input  Curren t  (CP) - 16 - 14 -5 
Leakage Curren t  (RD) 12 3 106 N . S .  
Re s is t anc e 
Propagat ion Delay ( R i s e )  






15 >1 x 10 16 
16 16 
9 x 10 
1 x 10 
15 
15 
Fluence t o  F i r s t  F a i l u r e ( a ) ,  e/cm 2 x 1 0  
3 x 10 1 x 10 
2 
T o t a l  Fluence,  e/cm 
NOTE: N.S. = No s t a t i s t i c a l l y  s i g n i f i c a n t  change. 
(a) Output low-level  vo l t age  exceeds 0.45 v o l t .  
(b) Could n o t  be switched.  
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TABLE 2 7 .  COMPARATIVE AVERAGE CHANGES I N  PERCENT FOR 
THE RD321 UNBIASED CIRCUITS 
D e  scr i p ti on Energy 1.5 MeV 1 .0  MeV 0 . 5  MeV 
- -  
Output Low Voltage a t  Q 
Output LOW Voltage a t  7j 1 
st Output  High Voltage a t  Q 
Output High Voltage a t  
599 145 0 16  
724 1550 16 
-35 -2 8 
- 16 -25 
N . S .  
N . S .  
Input  Current  (RC) N . S .  N.S. N.S. 
Inpu t  Curren t  (RD) - 3 . 6  -4.5 -2 .3  
Input  Curren t  (CP) -2 0 -2 6 -6 
Leakage Current  (RD) 106 82 N.S. 
Resis tance  1.78 1.90 1.14 
Propagat ion De lay  (Rise)  (b ) (b ) N . S .  
Propagat ion Delay ( F a l l )  (b 1 (b 1 N . S .  
15 2 x 10 15 >1 x 1oI6 1 x 10 
3 1 x 10 
2 Fluence t o  F i r s t  F a i l u r e ( a ) ,  e/cm 
16 1 x 10 16 2 T o t a l  Fluence,  e/cm 
NOTE: N.S.  = No s t a t i s t i c a l l y  s i g n i f i c a n t  change. 
(a) Output low-level vo l t age  exceeds 0.45  v o l t .  
(b) Could no t  be switched.  
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n o t  exceeded t h e  f a i l u r e  level of 0.45 v o l t  f o r  c i r c u i t s  which would n o t  swi tch .  
These r e s u l t s  i n d i c a t e  t h a t  two f a i l u r e  modes a r e  impor tan t .  The f i r s t  i s  t h e  
i n c r e a s e  i n  the  output  law-level  vo l t age ,  and the  second i s  the  f a i l u r e  of t h e  
f l i p - f l o p s  t o  respond t o  a s tandard  c lock  pulse .  These f a i l u r e  modes a r e  t h e  
r e s u l t  of decreased t r a n s i s t o r  g a i n .  I n  t h e  f i r s t  c a s e  t h e  output  t r a n s i s t o r  - .  
cannot  be maintained i n  s a t u r a t i o n  wh i l e  i n  the  second case t h e r e  is not  enough 
g a i n  t o  swi tch  t h e  c i r c u i t .  The changes observed i n  t h e  output  h igh - l eve l  
vo l t age  and the  c lock  i n p u t  c u r r e n t  a r e  c o n s i s t e n t  w i th  decreases  i n  t r a n s i s t o r  
ga in .  Inc reases  i n  leakage c u r r e n t s  are t h e  r e s u l t  of sof tened  diode r e v e r s e  
c h a r a c t e r i s t i c s  . 
The changes t o  t h e  output  c h a r a c t e r i s t i c s  were most s eve re  f o r  t he  
unbiased c i r c u i t s  a t  a l l  energy l e v e l s .  The s t a t i s t i c a l  a n a l y s i s  i n d i c a t e s ,  
w i t h  98 percent  conf idence ,  f o r  t he  low-level  ou tput  Q vo l t age ,  h igh- leve l  
ou tput  v o l t a g e ,  and i n p u t  c u r r e n t  f o r  the  c lock  p u l s e  t h a t  t h e r e  were s t a t i s -  
t i c a l l y  s i g n i f i c a n t  d i f f e r e n c e s  between t h e  samples biased i n  one s t a t e  on ly  
and i n  the  unbiased samples.  With 99 pe rcen t  conf idence ,  f o r  t h e  low level Q 
and 5 
reset 
c a l l y  
output  vo l t age ,  h igh  l e v e l  ou tput  v o l t a g e ,  t h e  c u r r e n t  i n t o  the  d i r e c t -  
i npu t , (7 )  and t h e  c u r r e n t  i n t o  the  c lock-pulse  inpu t  t he re  were s t a t i s t i -  
s i g n i f i c a n t  d i f f e r e n c e s  betweenethe b iased  and unbiased samples .  Also,  
- 
with  a 99 percent  conf idence ,  fo r  t h e  low l e v e l  Q and Q ou tput  vo l t ages  t h e r e  
were s t a t i s t i c a l l y  s i g n i f i c a n t  d i f f e r e n c e s  between t h e  biased and unbiased 
samples. It is  i n t e r e s t i n g  t o  compare t h e  changes i n  t h e  output  c h a r a c t e r i s t i c s  
a t  both Q and ';I f o r  t h e  b iased  and unbiased c i r c u i t s .  The changes i n  unbiased 
c i r c u i t s  were approximately symmetrical  between Q and Q.  However, t he  changes 
i n  the  biased c i r c u i t s  were no t  symmetrical .  I f  t h e  f l i p - f l o p s  are considered 
- 
(7) For t h i s  parameter only the  conf idence  l e v e l  i s  98 pe rcen t .  
-115- 
as two cross-coupled g a t e s ,  these  r e s u l t s  would i n d i c a t e  t h a t  degrada t ion  i s  
more severe  f o r  t h e  g a t e  t h a t  i s  maintained i n  the  one s t a t e  (output  i n  high- 
vo l t age  s t a t e )  dur ing  i r r a d i a t i o n .  A s  expected, the inc reases  i n  leakage cur -  
r e n t s  were the  only changes t h a t  were l a r g e r  f o r  the  biased c i r c u i t s  because 
reverse-biased junc t ions  a r e  normally considered more s e n s i t i v e  t o  charge 
- 
. -  p a r t i c l e  r a d i a t i o n .  
The s h i f t  of ou tput  parameters was found t o  inc rease  wi th  e l e c t r o n  
energy f o r  both the  biased and unbiased devices .  Degradation of engineer ing  
Ni 
s i g n i f i c a n c e  was observed a t  1 x e/cm2 f o r  the 1.5 MeV e l e c t r o n s  whi le  
2 similar changes were observed a t  2 x e/cm a t  t he  1.0 MeV e l e c t r o n  i r r a d i -  
a t i o n .  Changes i n  parameter va lues  occurred near  1 x e/cm2 f o r  the 0.5 
MeV e l e c t r o n s .  I n  gene ra l ,  the  RD321 f l i p - f l o p s  were i n s e n s i t i v e  t o  machine 
noise  and d id  not  reset  dur ing  i r r a d i a t i o n .  
The impl i ca t ions  of t hese  r e s u l t s  t o  des ign  engineers  are: (1) t o  
o b t a i n  increased r a d i a t i o n  longevi ty  (output low-voltage f a i l u r e s )  , the  fan-out 
of t h e  c i r c u i t s  should be decreased ,  (2) the  c i rcu i t s  should be powered under 
i r r a d i a t i o n ,  (3) the  l a r g e s t  power-supply vo l t age  compatible with the  microc i r -  
c u i t s  and the system should be used, and ( 4 )  the  c i r c u i t s  are more s e n s i t i v e  
t o  the  h ighe r  energy e l e c t r o n  i r r a d i a t i o n .  
Equivalent  962 C i r c u i t s  
The equ iva len t  962 c i r c u i t s  cons is ted  of seven types of DTL NAND/NOR 
g a t e s  as l i s t e d  i n  Table 2 .  The F a i r c h i l d ,  Motorola, Ph i l co ,  and Texas I n s t r u -  
ment 962 c i r c u i t s  a r e  t r i p l e  3- input  NAND/NOR g a t e s .  These c i r c u i t s  are f a b r i -  
ca ted  on a s i n g l e  monoli thic  s u b s t r a t e  using p l a n a r - e p i t a x i a l  techniques.  The 
a c t i v e  elements a r e  i s o l a t e d  wi th  d i f fused  p-n junc t ions  and d i f fused  r e s i s t o r s  
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are used throughout .  The dev ices  are gold doped t o  improve the  swi tch ing  t i m e .  
F igures  28a,  28b, 28c,  and 28d are photographs of the  fou r - junc t ion  i s o l a t e d  
c i r cu i t s .  
The Motorola SC1253, Motorola D i e l e c t r i c a l l y  I s o l a t e d  MD962 and t h e  Radia t ion ,  
Inc.  RD242 c i r c u i t s  are a l s o  t r i p l e  3- input  NAND/NOR g a t e s .  
A l l  photographs i n  F igure  28  were taken a t  t he  same magn i f i ca t ion .  
These c i r c u i t s  are 
The c i r c u i t  e lements  are surrounded f a b r i c a t e d  by p l ana r  e p i t a x i a l  t echniques .  - .  
by moats of d i e l e c t r i c  material t h a t  provide t h e  in t e re l emen t  i s o l a t i o n .  Nicrcnne 
th in - f i lm  r e s i s t o r s  are used throughout and t h e  dev ices  are gold doped t o  improve 
t h e  swi tch ing  t i m e .  
d i e l e c t r i c a l l y  i s o l a t e d  c i r c u i t s .  F igu res  29a, 29b, and 29c are a t  the  same 
magni f ica t ion .  The photograph i n  F igu re  29d was taken  a t  a lower magn i f i ca t ion ,  
s o  t h a t  the complete RD242 c h i p  would be v i s i b l e .  As Figures  28 and 29 i n d i c a t e  
t h e  topology of the  va r ious  c i rcu i t s  are q u i t e  d i f f e r e n t  even though they are 
" e l e c t r i c a l l y  equiva len t" :  
g iven  i n  t h e  "Results" s e c t i o n .  
~ 
Figures  29a, 29b, 29c,  and 29d are photographs of the  t h r e e  
A schematic diagram of a t y p i c a l  g a t e  element is  
As s t a t e d  p rev ious ly ,  two samples of each  962 c i r c u i t  were i r r a d i a t e d  
wi th  1.5, 1.0, and 0.5 MeV e l e c t r o n s  t o  determine t h e  c r i t i c a l  energy. A s  a 
r e su l t  of t hese  t es t  i r r a d i a t i o n s ,  i t  was  decided t o  i r r a d i a t e  a l l  t h e  962 c i r -  
c u i t s  w i t h  1.5 MeV e l e c t r o n s  up t o  a t o t a l  exposure of 6 x l O I 5  e/cm2. As with  
the  o the r  c i r c u i t s  i n  t h i s  program, the  f a i l u r e  c r i t e r i o n  was any parameter 
exceeding t h e  l i m i t s  s p e c i f i e d  by t h e  manufacturer .  F a i l u r e  l i m i t s  were 
s p e c i f i e d  i n  t h i s  manner t o  be  compatib.le wi th  t h e  informat ion  p r e s e n t l y  s u p -  
p l i e d  t o  t h e  d e s i g n  eng inee r s  by t h e  manufacturers  
The most s i g n i f i c a n t  changes t h a t  were observed as a r e s u l t  of t h e  
i r r a d i a t i o n  were t h e  i n c r e a s e s  i n  t h e  output  low-level  v o l t a g e .  These changes 
P 
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a.  P h i l c o  962 b .  F a i r c h i l d  962 
c. Texas Ins t rument  962 d .  Motorola 962 
FIGURE 2 8 e PHOTOGRAPHS OF THE JUNCTION- IS  OUTED 
EQUIVALENT 962 CIRCUITS 
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a .  Motorola SC1253 
c .  R a d i a t i o n  RD242 (same m a g n i f i c a t i o n  
as o t h e r  c i r c u i t s )  
b. Motorola  D i e  lec tr i c a l l y  I s o l a t e d  
C i r c u i t s  
d .  R a d i a t i o n  RD242 (lower 
m a g n i f i c a t i o n )  
FIGURE 29.  PHOTOGRAPHS OF THE DIELECTRICALLY ISOLATED 
C IRCUITS 
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are i l lustrated in  Figure 30  which shows the input-output transfer character- 
ist ic  of typical irradiated and nonirradiated circuits  (not the same c ircui ts )  
a t  f u l l  fan-out. The increases i n  output law-level voltage and the decrease 
i n  the dynamic voltage gain are apparent i n  the figure. 
Horizontal Scale: 0.2 V/cm 
Vertical Scale: 1.0 V/cm 
FIGURE 30. INPUT-OUTPUT TRANSFER CHARACTERISTIC OF 
TYPICAL EQUIVALENT CIRCUITS 
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Tables 28 and 29 l ist  the  comparative percent  average changes f o r  the  
b iased  and unbiased equ iva len t  962 c i r c u i t s .  The percent  average changes i n  
the  c o n t r o l  samples a r e  a l s o  tabula ted  i n  the comparison. The r e s u l t s  of t he  
measurements made dur ing  i r r a d i a t i o n  a r e  presented i n  F igures  131 through 144 
i n  the "Resu l t s "  s e c t i o n .  Only the output  low-level response i s  presented ,  
s i n c e  no s i g n i f i c a n t  changes were observed i n  the  output  h igh - l eve l  vo l t age .  
,. - 
The observed degrada t ion  i n  the  output low vol tage  can  be a t t r i b u t e d  
t o  decreases  i n  t r a n s i s t o r  ga in  and inc reases  i n  the  r parameter.  Since the  
d r i v e  t o  the  ga in  s t a g e s  of t h e  g a t e  c i r c u i t s  remains r e l a t i v e l y  cons t an t  dur-  
i n g  i r r a d i a t i o n ,  the  amount of c u r r e n t  t h a t  the  ga t e  can  sink. is roughly pro- 
p o r t i o n a l  t o  the  product of the  c u r r e n t  gains  of t h e  two t r a n s i s t o r s  i n  the  
s a t  
c i r c u i t .  The observed inc rease  i n  the  propagat ion de lay  (rise) i s  c o n s i s t e n t  
with the  decrease  i n  t r a n s i s t o r  c u r r e n t  ga in .  The decreases  i n  the propagat ion 
de lay  ( f a l l )  observed f o r  ' a l l  t he  g a t e s  (except  the Motorola 962) i s  i n d i c a t i v e  
of the decrease  i n  the  l i f e t i m e  t h a t  r e s u l t s  from i r r a d i a t i o n .  The changes i n  
the  output  high vo l t age ,  the inpu t  l e v e l s ,  the inpu t  d r i v e  c u r r e n t s ,  and 
r e s i s t a n c e  were smal l  and not  of engineer ing  s i g n i f i c a n c e .  Although inc reases  
i n  leakage c u r r e n t s  were observed f o r  most of t he  c i r c u i t s ,  the  changes were 
e r r a t i c  and no meaningful a n a l y s i s  of the  da ta  was poss ib l e .  
Tables 28 and 29 i n d i c a t e  t h a t  the degrada t ion  of the  output low 
vo l t age  of the unbiased c i r c u i t s  was more severe  than  t h a t  of the biased c i r -  
c u i t s .  The s t a t i s t i c a l  a n a l y s i s  i n d i c a t e s ,  a t  t h e  90 percent  confidence l e v e l ,  
t h a t  the  changes i n  the  output  low vol tage  were s i g n i f i c a n t l y  d i f f e r e n t  f o r  
the biased and unbiased c i r c u i t s .  In  a l l  the  dev ices ,  l a r g e r  average changes 
were observed i n  the unbiased samples.  These r e s u l t s  a r e  s imilar  t o  the  
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The o v e r a l l  responses  of the c i r c u i t s  t o  e l e c t r o n  i r r a d i a t i o n  were 
s i m i l a r ,  as Tables 2 8  and 2 9  i n d i c a t e .  However, s i g n i f i c a n t  d i f f e r e n c e s  i n  the  
magnitude of t h e s e  changes were observed among the c i r c u i t  types .  The d i f f e r -  
ences i n  r a d i a t i o n  response were most pronounced f o r  the output low vol tage  as 
- shown i n  F igure  31. Average inc reases  ranging from 17.4 percent  t o  over 200 
percent  were observed f o r  the biased samples. The abso lu te  average changes i n  
- output  low vol tage  and an i n d i c a t i o n  of the sample var iance  i s  shown i n  Figure 
32. 
The d i f f e r e n c e s  observed i n  the  r a d i a t i o n  response did not c o r r e l a t e  
w i t h  the c i r c u i t  topology. F igure  3 1  shows the r a d i a t i o n  response of the  
F a i r c h i l d  962 and Ph i l co  962 c i r cu i t s  t o  be s i g n i f i c a n t l y  d i f f e r e n t ,  even though 
the  topologies  of t hese  two c i r c u i t s  are q u i t e  s i m i l a r .  The topology of t he  
Motorola SC1253 and MD962 c i r c u i t s  shown i n  F igure  32 a r e  i d e n t i c a l ,  y e t  t h e  
r a d i a t i o n  response i s  q u i t e  d i f f e r e n t .  
response of t h e  F a i r c h i l d  and Motorola 962 c i r c u i t s  t racked very w e l l ,  y e t  t he  
topology of the c i r c u i t s  i s  d i s s i m i l a r .  
On the o ther  hand, the r a d i a t i o n  
N o  improved r a d i a t i o n  response was observed which could be a t t r i b u t e d  
t o  t h e  method of i s o l a t i o n  used. F igures  31 and 32 show t h a t  the  r a d i a t i o n  
responses  of the d i e l e c t r i c a l l y  i s o l a t e d  c i r c u i t s  were va r i ed .  The changes i n  
the  output  low vol tage  of t he  SC1253 c i r c u i t s  t racked w e l l  wi th  t h e  o ther  
j unc t ion - i so l a t ed  c i r c u i t s  while  t he  Motorola Dielec t r i c a l l y  I so l a t ed  C i r c u i t s  
showed the  s m a l l e s t  changes.  The l a r g e s t  changes i n  the  output  low vol tage  were 
observed f o r  the RD242 c i r c u i t s .  It is  of i n t e r e s t  t o  note  t h a t  t he  changes i n  
the  th in - f i lm  nicrome r e s i s t o r s  (used on the d i e l e c t r i c a l l y  i s o l a t e d  c i r c u i t s )  
were smal le r  than  those observed f o r  the d i f fused  r e s i s t o r s  t h a t  a r e  used i n  the  
junc t ion - i so l a t ed  c i r c u i t s .  S ince  the changes i n  r e s i s t a n c e  a r e  small ,  t hese  
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1 - Fairchi ld  962 t 2 - Motorola D962 
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FIGURE 32. THE CHANGE I N  OUTPUT LOW VOLTAGE DUE TO RADIATION 
AS A FUNCTION OF CIRCUIT TYPES 
- 126- 
The d i f f e r e n c e s  observed i n  t h e  r a d i a t i o n  response of  the  seven 
equ iva len t  962 c i r c u i t s  a r e  a t t r i b u t e d  t o  d i f f e r e n c e s  i n  the  processing tech-  
n iques  used dur ing  f a b r i c a t i o n .  Process ing  techniques vary  no t  only among 
manufacturers bu t  a l s o  the re  a r e  changes made by a given manufacturer a s  new 
f a b r i c a t i o n  technology i s  developed. Information concerning these  changes i s  
usua l ly  not  made a v a i l a b l e  t o  t h e  des ign  engineer .  Fo r tuna te ly ,  the changes 
- 
i n  process ing  which improve t h e  e l e c t r i c a l  p r o p e r t i e s  of a mic roc i r cu i t  
u s u a l l y  w i l l  improve the  r a d i a t i o n  response as w e l l .  Some des ign  s t e p s  which 
have been shown t o  improve t h e  r a d i a t i o n  to l e rance  of m i c r o c i r c u i t s  a r e :  
(1) C i r c u i t  des ign  changes t h a t  a l low the  m i c r o c i r c u i t  t o  
func t ion  wi th  lower t r a n s i s t o r  c u r r e n t  ga in  
(2) Dera t ing  maximum fan-out s p e c i f i c a t i o n  
(3) Inc reas ing  the  i n i t i a l  ga in  and t h e  gain-bandwidth 
product of ' the t r a n s i s t o r s  
( 4 )  Changes i n  t r a n s i s t o r  geometry t h a t  improve the  s a t u r a t i o n  
r e s i s t a n c e  
(5) Gold doping of the active elements 
(6) Improvements i n  the  s u r f a c e  pas s iva t ion  technique.  
The impl ica t ions  of these  r e s u l t s  t o  des ign  engineers  a re :  (1) the  
r a d i a t i o n  response of e l e c t r i c a l l y  equiva len t  c i r c u i t s  may be s i g n i f i c a n t l y  
d i f f e r e n t  depending on the  s p e c i f i c  processing techniques  used dur ing  f ab r i ca -  
t i o n ,  (2) no c o r r e l a t i o n  was found between the  r a d i a t i o n  response of t hese  
c i r c u i t s  and the  c i r c u i t  topology, and (3) no improved r a d i a t i o n  response was 
observed which could be a t t r i b u t e d  t o  the  method of i s o l a t i o n  used. 
RESULTS 
I n  t h i s  s e c t i o n ,  the  e f f e c t s  of t h e  r a d i a t i o n  exposure on each of the  
t e n  device  types i n  the  fundamental s tudy  and t h e  seven device  types i n  the  
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. -  
equivalent-circui t  study a r e  presented. 
tabular  data  summaries a r e  intended t o  give a concise picture  of t h e  radiation- 
induced e f f e c t s  as  determined from the i n  s i t u  and character izat ion measurements. 
The rad ia t ion  response curves and 
Comprehensive pre/post character izat ion data  may be found i n  Appendix 111 
(Volume 11). The computer programs used for  summarizing the character izat ion 
data  as  well as  those used t o  reduce and p lo t  the i n  s i t u  data a r e  presented i n  
Appendix IV (Volume 11).  
A discussion of the data  format has been presented a t  t h e  beginning 
of the previous sect ion "Analysis of Data". 
The following a r e  the symbols used i n  the tabular  pre/post data  















V ( D . C .  OUT) 
v O . S .  
V ( 0 . S .  5) 
Amplifier Svmbols 
Common mode r e j e c t i o n  r a t i o  
Closed-loop zvoltage gain 
Open-loop voltage gain 
Open-loop voltage gain w i t h  supply voltages equal t o  5 v o l t s  
The r a t i o  of H(FE) High t o  H(FE) Low 
Transis tor  dc current  gain a t  a co l lec tor  current  of 10 mA 
Transis tor  dc current  gain a t  a c o l l e c t o r  current of 50 /.A 
Input b ias  current  
Transis tor  c o l l e c t o r  t o  base current  with emit ter  open 
Power-supply current  
Input o f f s e t  current  
Transis tor  base t o  emit ter  voltage a t  a co l lec tor  current  of 10 mA 
Transis tor  base t o  emit ter  voltage a t  a c o l l e c t o r  current  of 50 PA 
Input voltage leve l  1 
Output voltage leve l  
Input o f f s e t  voltage 




P o s i t i v e  o u t p u t  s a t u r a t i o n  voltage 
Negative o u t p u t  s a t u r a t i o n  v o l t a g e  
D i g i t a l  C i r c u i t  Symbols 
M I N  CP AMP 
M I N  V ( C 1 )  
M I N  V(S1) 
1 (CC 1 
I (CC 0) 
I (CC I )  
I DRIVE 
I ( I N  CP) 
I ( I N  PSET) 
I ( I N  RC) 
I ( I N  RD) 
I ( I N  SD) 
I ( I N  R 1 )  
I(L CD) 
I LEAKAGE 
I ( L  PSET) 
I ( L  
I ( L  R 1 )  
T (DF 1 
T (DR) 
Minimum c l o c k  p u l s e  v o l t a g e  f o r  c i r c u i t  o p e r a t i o n  
Mtnimum v o l t a g e  a t  CP t e r m i n a l  f o r  c i r c u i t  o p e r a t i o n  
Minimum v o l t a g e  a t  S 1  t e r m i n a l  f o r  c i r c u i t  o p e r a t i o n  
Power-supply c u r r e n t  
Power-supply c u r r e n t  w i t h  o u t p u t  a t  l o g i c  z e r o  
Power-supply c u r r e n t  w i t h  o u t p u t  a t  logic one 
I n p u t  d r i v e  c u r r e n t  
I n p u t  c u r r e n t  a t  CP t e r m i n a l  
I n p u t  c u r r e n t  a t  p r e s e t  t e r m i n a l  
I n p u t  c u r r e n t  a t  RC t e r m i n a l  
I n p u t  c u r r e n t  a t  RD t e r m i n a l  
I n p u t  c u r r e n t  a t  SD t e r m i n a l  
I n p u t  c u r r e n t  a t  R 1  t e r m i n a l  
I n p u t  l eakage  c u r r e n t  a t  CD t e r m i n a l  
Inpu t -d iode  l eakage  c u r r e n t  
I n p u t  l eakage  c u r r e n t  a t  preset t e r m i n a l  
I n p u t  l eakage  c u r r e n t  a t  RD terminal 
Inpu t  l eakage  c u r r e n t  a t  R1 t e r m i n a l  
P r o p a g a t i o n  d e l a y  fall 
P r o p a g a t i o n  d e l a y  rise 
x 
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V(BAR Q L) 
- V(0L) 
- 
Q t e rmina l  ou tput  vo l t age  a t  l og ic  one 
Q t e rmina l  ou tput  vo l t age  a t  l og ic  z e r o  
- 
Input-diode forward vo l t age  
Input  vo l t age  r equ i r ed  f o r  s p e c i f i e d  output  l og ic -ze ro  vol tage  
Input  vo l t age  requi red  f o r  s p e c i f i e d  output  logic-one vo l t age  
Output vo l t age  w i t h  s p e c i f i e d  log ic -ze ro  vo l t age  a p p l i e d  t o  inpu t  
Output vo l t age  wi th  s p e c i f i e d  logic-one vo l t age  appl ied  t o  i n p u t  
termina 1 
Q t e rmina l  ou tput  vo l t age  a t  l og ic  one 
Q t e rmina l  output  v o l t a g e  a t  l og ic  ze ro .  
I n v e r t i n g  




1. P i n  4,-12 v o l t s .  
2 .  P i n  7, +12 v o l t s .  
3. Temperature 25 C .  
TEST PARAMETERS: 
1. Open-loop ga in .  
2 .  Closed-loop ga in .  
3 .  Input  o f f s e t  v o l t a g e .  
4.  Input  bias  c u r r e n t .  
5. + S a t u r a t i o n  vo l t age .  
-130- 
P a i r c h i l d  M709  
Input  Frequency 
Canpensa t i o n  
on 
6. - S a t u r a t i o n  vo l t age .  
7. Common mode r e j e c t i o n  r a t i o .  
8. Input  o f f s e t  c u r r e n t .  
9 Resis tance .  
FIGURE 33.  TEST PLAN FOR lj,A709 AMPLIFIER 
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Amelco 807BE 
Inpu t  
Freq ue nc y 
* Canpensation 
. I n v e r t i n g  Input  ou tpu t  
TEST CONDITIONS : 
1. P i n  5 ,  -12 v o l t s .  
2 .  P in  10,+12 v o l t s .  
3 .  Temperature 25 C .  
TES T PARAPETERS : 
1. Open-loop ga in .  
2 .  Closed-loop g a i n .  
3 .  Input  o f f s e t  v o l t a g e .  
4 .  + S a t u r a t i o n  vo l t age .  
5 .  - S a t u r a t i o n  vo l t age .  
6 .  Input  b i a s  c u r r e n t .  
7 .  Input  o f f s e t  c u r r e n t .  
8. Common mode r e j e c t i o n .  
9. Res is tance  . 
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Na t iona l  Semiconductor LMlOl 
E a  lance  Compensation 
(5) 
Ea l ance  
TEST CONDITIONS : 
1. P i n  4,-12 v o l t s ,  -5 v o l t s .  
2 .  P in  7,+12 v o l t s ,  +5 v o l t s .  
3 .  Temperature 25 C .  
TEST PARAMETERS : 
1. 
2 .  
3 .  
4 .  







Open- loop  ga in .  
Open-loop g a i n  (a t  V 
Closed-loop ga in .  
Input  o f f s e t  v o l t a g e .  
Inpu t  o f f s e t  v o l t a g e  ( a t  Vcc = +5 v o l t s  and VEB = -5 v o l t s ) .  
Input  b i a s  c u r r e n t .  
+ S a t u r a t i o n  v o l t a g e .  
- S a t u r a t i o n  v o l t a g e .  
Common mode r e j e c t i o n  r a t i o .  
Inpu t  o f f s e t  c u r r e n t .  
Power supp ly  current : .  
= +5 v o l t s  and VEB = -5 v o l t s ) .  CC 
FIGURE 58. TEST PLAN FOR LMlol AMPLIFIER 
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S i g n e t i c s  SE501G 
TEST CONDITIONS : 
1. P i n  5,+6 v o l t s .  
2. Temperature 25 C .  
TEST PARAMETERS : 
1. y o l t a g e  ga in .  
2. Dc output  l e v e l .  
3. Dc i n p u t  l e v e l .  
4 .  * S a t u r a t i o n  vo l t age .  
5. Res i s t ance .  
6 .  Trans is  t o r  leakage c u r r e n t .  
7 .  T r a n s i s t o r  ga in  5 0  pA, 10 mA. 
8. T r a n s i s t o r  base- to-emi t te r  vo l t age  50 u A ,  10 mA. 
9. Gain r a t i o .  
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Fairchi ld EPDplL9042 
TEST CONDITIONS: 
1. Pin 14, 5 . 0  v o l t s .  
2 .  Pin 7 ,  ground. 
3 .  Temperature 25 C .  
TEST PARAMETERS : 
1. 
2 .  Input-voltage levels (V 
voL) Output -volt age leve Is (VoH, 
I H '  'IL)' 
3 .  Input leakage current.  
4 .  Input -diode forward vol tage .  
5 .  Input drive current.  
6 .  Resistance. 
7 .  Propagation de lay .  
8 .  Circui t  gain.  
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TEST CONDITIONS : 
1. P i n  1 4 ,  5.00 v o l t s .  
2 .  P i n  7 ,  ground.  
3 .  P i n  11, open. 
4 .  Temperature 2 5  C .  




4 .  
5. 
6 .  
7. 
F a i r c h i l d  LPDplL9040 
*CC p (14)  
Outpu t -vo l t age  levels (Q,  G) b o t h  V 
Leakage c u r r e n t  a t  C 
I n p u t  c u r r e n t s  ._ 
R e s i s t a n c e  (15 Kbz). 
P r o p a g a t i o n  d e  l a y .  
Minimum c l o c k  a m p l i t u d e .  
Minimum i n p u t  one v o l t a g e .  
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Texas Instruments  SN54L20 
Inpu t s  
TEST CONDITIONS : 
1. Pin  4 ,  5 .0  v o l t s .  
2 .  P i n  11, ground. 
3 .  Temperature 25 C .  
TEST PARAMETERS : 
OH' 'OL)' Output-vol tage levels (V 
Input -vol tage  levels (V 
Input  leakage c u r r e n t .  
Inpu t  d r i v e  c u r r e n t .  
I H '  'IL)' 
Power supply c u r r e n t .  
Propagat ion de lay .  
FIGURE 99. TEST PLAN FOR SN54L20 
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Texas I n s t r u m e n t s  SN54L71 
3 .  P i n  5 ,  open. 
4 .  Temperature 25 C .  
Clock 
TEST PARAMETERS : 
1. 
2 .  
3 .  I n p u t  c u r r e n t s .  
Ou tpu t -vo l t age  levels (Q 6 b o t h  VH, VL> * 
Leakage c u r r e n t  (PRESET and R r ) .  
4 .  Power s u p p l y  c u r r e n t .  
5. P r o p a g a t i o n  d e l a y .  
6 .  Minimum c l o c k  a m p l i t u d e .  
7 .  Minimum i n p u t  one v o l t a g e .  
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Radia t ion ,  Inc . RD3 10 
TEST CONDITIONS: 
1. P i n  14, 5.0 v o l t s .  
2 .  P i n  7 ,  ground. 
3. Temperature 2 5  C . 
TEST PARAMETERS: 
1. Output-vol tage leve Is (V 
2 .  Input -vol tage  l e v e l s  (V 
OH' 'OL)* 
I H '  'IL)' 
3 .  Input  leakage c u r r e n t .  
4 .  Input  d r i v e  c u r r e n t .  
5. Diode forward vo l t age .  
6 .  Res i s t ance .  
7 .  Propagat ion de lay .  
FIGURE 115. TEST PLAN FOR RD3 10 GATES 
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Radiation, Inc. RD321 
- TEST CONDITIONS : 
1. Pin 4, 5 . 0  v o l t s .  
2. Pin  11,  ground. 
3 .  P in  14, open. 
4. Temperature 25 C .  
TEST PARAMETERS: 
1. Output-voltage levels (Q, Q) v 
2 .  Leakage current a t  %. 
3 .  
4 .  Resistance. 
5 .  Propagation delay.  
6 .  Minimum clock amplitude. 
H' 'Lo 
Input current a t  %' RC' CP' 
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Equivalent 962 C i r c u i t s  
Inputs  
CIRCUIT TYPES TES TED : 
F a i r c h i l d  DwL962 Gates  
Rad ia t ion  242 Gates 
P h i l c o  PL962 Gates 
Motorola SC1253 Gates 
TEST CONDITIONS : 
1. P in  14, 5.0 v o l t s .  
2. P in  7 ,  ground. 
3. Temperature 25  C. 
TEST PARAMETERS : 
1. Output-vol tage levels. 
2 .  Input -vol tage  levels. 
3. Input  leakage c u r r e n t .  
4. Input  d r i v e  c u r r e n t .  
5. Res is tance  . 
6. Propagat ion de lay .  
Motorola MC962 Gates 
Motorola Dielec tr  i c a l l y  I s o l a t e d  Gates 
Texas Instrument  SN15962 Gates 
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The r e s e a r c h  descr ibed  i n  t h i s  r e p o r t  has  extended the  knowledge of 
the  e f f e c t s  of space r a d i a t i o n  on c u r r e n t  types of analog and d i g i t a l  microc i r -  
c u i t s .  The performance informat ion  generated under t h i s  program has provided ? * 
a means t o  i d e n t i f y  c u r r e n t  s i l i c o n  i n t e g r a t e d  m i c r o c i r c u i t s  t h a t  have demon- 
s t r a t e d  r e s i s t a n c e  t o  space r a d i a t i o n  based on t h e i r  response t o  e l e c t r o n  
.a 
exposures .  I n  a d d i t i o n ,  the  informat ion  presented should be &able  f o r  s e l e c t i o n  
of components and des ign  dec i s ions  f o r  systems programmed f o r  space miss ions .  
Seve ra l  s i g n i f i c a n t  conclus ions  are warranted by t h e  r e sea rch  r e s u l t s .  
These are: 
(1) The degrada t ions  of c i r c u i t  parameters which were permanent i n  
na tu re  were found t o  inc rease  w i t h  e l e c t r o n  energy. These 
r e s u l t s  are s imilar  t o ,  and c o n s i s t e n t  w i th ,  resul ts  obtained 
f o r  i n d i v i d u a l  t r a n s i s t o r s .  
(2) The conclusions of Phase I and Phase I1 of t h i s  program are 
reaf f i rmed;  i . e . ,  t h e  p o i n t  of f a i l u r e  of a l l  t h e  m i c r o c i r c u i t s  
s tud ied  centered  around the  t r a n s i s t o r s .  The r a d i a t i o n  
r e s i s t a n c e  of p re sen t  s i l i c o n  i n t e g r a t e d  c i r c u i t s  depends on 
t h e  s t a b i l i t y  of t he  ga in  of t h e  a c t i v e  elements and the  
to l e rance  of the  c i r c u i t  des ign  wi th  r e s p e c t  t o  ga in  degrada t ion .  
(3) I n  a d d i t i o n ,  t o  permanent degrada t ion ,  temporary changes i n  
output  parameters were observed as a r e su l t  of i r r a d i a t i o n .  
Since these  changes were not  observed i n  a l l  the c i r c u i t s  s t u d i e d ,  
i t  i s  concluded t h a t  f a i l u r e  modes are poss ib l e  which are r e l a t e d  
not only t o  the  degrada t ion  of the i n d i v i d u a l  active elements 
bu t  a l s o  t o  the  f a b r i c a t i o n  of t h e  i n t e g r a t e d  c i r c u i t .  
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The evidence i n d i c a t e s  t h a t  t he  temporary e f f e c t s  were, a t  
least ,  i n i t i a t e d  by su r face  damage. Since these  changes 
occurred r a p i d l y  and a t  d i f f e r e n t  exposure r a t e s ,  t h e  na tu re  
of the monitoring measurements did not  preclude the p o s s i b i l -  
i t y  t h a t  exposure r a t e  could be  a s i g n i f i c a n t  f a c t o r  c o n t r i b u t -  
i n g  t o  t h e  e f f e c t .  
I n  gene ra l ,  the degrada t ion  among the pas s ive ly  i r r a d i a t e d  
c i r c u i t s  was more severe  than among the  powered c i r c u i t s ,  
e s p e c i a l l y  f o r  the  1.5 MeV i r r a d i a t i o n .  
The u s e f u l  l i f e  of m i c r o c i r c u i t s  under a s t e a d y - s t a t e  e l e c t r o n  
environment can be increased  by opera t ing  a m p l i f i e r s  a t  low 
closed-loop gains  and by decreas ing  the  permiss ib le  fan-out of 
t he  d i g i t a l  c i r c u i t s .  
The o v e r a l i  r a d i a t i o n  responses  of t h e  e l ec t r i ca l ly  equ iva len t  
962 c i r c u i t s  were s imi la r ,  bu t  s i g n i f i c a n t  d i f f e r e n c e s  were 
observed i n  the magnitude of parameter changes. No c o r r e l a t i o n  
w a s  found between the r a d i a t i o n  response of these  c i r c u i t s  and 
the  c i r c u i t  topology o r  t he  method of i s o l a t i o n .  The observed 
d i f f e r e n c e s  i n  parameter changes are a t t r i b u t e d  t o  d i f f e r e n c e s  
i n  processing techniques used dur ing  device  f a b r i c a t i o n .  
TWe re sea rch  has a l s o  r a i s e d  ques t ions  t h a t  remain unanswered a t  t h i s  
p o i n t .  The temporary e f f e c t  observed a s  a r e su l t  of t he  i r r a d i a t i o n  i s  a good 
example. The impl i ca t ion  of t h i s  e f f e c t  leaves some u n c e r t a i n t y  i n  the  des ign  
of sys t ems  which must func t ion  dur ing  a s  w e l l  as a f t e r  r a d i a t i o n  exposure.  It 
i s  no t  c l e a r  whether these  e f f e c t s  would be observed under the  low r a d i a t i o n  




be  r e s p o n s i b l e  f o r  t h e s e  temporary changes,  a method should be e s t a b l i s h e d  by , 
which s u r f a c e  d e g r a d a t i o n  i n  i n t e g r a t e d  c i r c u i t s  c a n  be i d e n t i f i e d  and measured. 
S i n c e  no model e x i s t s  which may be used t o  e x p l a i n  t h e  temporary 
e f f e c t s  observed ,  a d e t a i l e d  f a i l u r e  a n a l y s i s  i s  needed f o r  a l i m i t e d  number t L  
of devices. The o b j e c t i v e  of t h i s  a n a l y s i s  would b e  t o  i s o l a t e  t h e  problem 
and g e n e r a t e  a model t h a t  e x p l a i n s  t h e  observed b e h a v i o r .  
aa 
A r e d u c t i o n  i n  fan-out  h a s  been shown t o  b e  c o n s e r v a t i v e  d e s i g n  
p r a c t i c e  f o r  a r a d i a t i o n  environment .  A n a l y t i c a l  methods are  needed t o  extend 
t h e  e x i s t i n g  d a t a  t o  de te rmine  t h e  e x t e n t  t o  which t h i s  p r a c t i c e  i s  h e l p f u l  i n  
i n c r e a s i n g  t h e  r a d i a t i o n  l o n g e v i t y  of t h e  c i r c u i t s .  I n  t h e  same l i g h t ,  t h e s e  
a n a l y t i c a l  methods c a n  be u t i l i z e d  t o  ex tend  t h e  r a d i a t i o n - e f f e c t s  d a t a  obta ined  
on a p a r t i c u l a r  device t y p e  t o  e l e c t r i c a l l y  s imi la r  c i r c u i t s ;  i . e . ,  o f t e n  e x i s t -  
i n g  c i r c u i t  d e s i g n s  are modif ied s l i g h t l y  t o  improve t h e  e l e c t r i c a l  performance 
r e s u l t i n g  i n  a "second g e n e r a t i o n "  c i r c u i t  t h a t  i s  s t r u c t u r a l l y  similar t o  t h e  
p r e d e c e s s o r .  
NEW TECHNOLOGY 
This s e c t i o n  i s  n o t  a p p l i c a b l e .  
